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1.1. Temporary aquatic systems 
The definition of a temporary water body varies, but in general it can be defined as any 
habitat that intermittently has standing water for periods long enough for some species to 
complete the aquatic phases of their life cycle (Blaustein and Schwartz, 2001). These are 
generally small ecosystems and comprise temporary lakes and ponds, rock pools, tyre 
tracks, animal prints, water-filled tree holes, rice fields and tidal pools (Williams, 2006). 
Due to their small size, they have often been overlooked or even regarded as unimportant 
when compared to large ecosystems. However, research has shown that due to their high 
beta diversity (a comparison of diversity between ecosystems, usually measured as the 
amount of species change between the ecosystems), these habitats are major contributors to 
regional diversity (Williams et al., 2004). The term „pool‟ refers to a flat, sediment-filled 
depression that holds water periodically and that is typically occurring in semi-arid and 
arid areas (Davies and Day, 1998). Surveys have shown that these pools occur in climatic 
regions receiving less than 500 mm rainfall annually and that they are most abundant 
where there is a lack of an integrated drainage system and an average slope of less than one 
degree (Le Roux, 1978; Allan et al., 1995).  
Temporary pools are important as an integral part of the landscape of dryland regions; 
more specifically they are of ecological interest because of their unique biota. The demand 
for water in arid regions is so much higher than elsewhere and this exerts enormous 
pressure on both surface and groundwater resources (Kingsford, 2000). Global climatic 
change, primarily the rising of atmospheric temperatures and changing rainfall patterns, is 
another imminent threat (Roshier et al., 2001; Brendonck et al., 2008). In this way 
temporary pools could play an important role as model systems for rapid monitoring of 
ecosystem responses to climatic changes (Hulsmans et al., 2008; Vanschoenwinkel et al., 
2009), and their conservation status and biota are evidently in need of attention (Blaustein 
and Schwartz, 2001; De Roeck et al., 2007; Brendonck et al., 2008; Boven et al., 2008).  
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1.2. Ecological processes in temporary pools  
Temporary pools are embedded in a terrestrial matrix and, as a result, they exist as 
habitat islands. The significance of temporary pools as habitat islands and potential centers 
of speciation can also be understood in terms of island biogeography theory. The island 
biogeography theory revolutionized the understanding of the ecological processes 
influencing island-habitat communities (MacArthur and Wilson, 1967; March and Bass, 
1995). Environmental factors can have a significant influence on crustacean zooplankton 
diversity and coexistence patterns in temporary pools. Coexistence patterns are widely 
reported in several studies in different parts of the world (Hamer and Appleton, 1991; 
Thiéry, 1991; Brendonck and Riddoch, 1997; Maeda-Martinez et al., 1997; Moscatello     
et al., 2002; Beladjal et al., 2003; Boven et al., 2008; Waterkeyn et al., 2009). These 
studies demonstrated that biological and habitat characteristics are important in explaining 
patterns of species co-existence.  
In this regard, local habitat characteristics have been identified as important factors in 
influencing community structure. However, their importance in temporary pool studies 
varies according to the region, the nature of pools, climatic factors, animal assemblages 
and so on. Hydroperiod is almost universally important for temporary pool ecology 
(Girdner and Larson, 1995; Boix et al., 2001; Eitam et al., 2004; Waterkeyn et al., 2009). 
The frequent drying of temporary pools is generally thought to prevent the colonization 
and persistence of many large predators such as fish and amphibians (Bohonak and 
Whiteman, 1999; Spencer et al., 1999).  
Habitat size variables such as surface area and depth have also assumed importance in 
understanding temporary pool communities. Particularly the structural complexity or 
heterogeneity of temporary habitats tends to increase with size. Several studies on 
temporary pools also show the importance of physico-chemical characteristics and 
limnological environment in structuring zooplankton and vegetation communities 
(Hancock and Timms, 2002; Cilliers and Bredenkamp, 2003; Janecke et al., 2003; 
Waterkeyn et al., 2009).  
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The recognition of regional processes and factors operating above the local scale, but 
much lower than biogeographic scales, was an important step towards understanding 
community ecology in temporary pools (Holt, 1993). These regional processes are also 
linked to historical processes active within a region that may have shaped the local 
communities (King et al., 1996; Holland and Jenkins, 1998). Processes at the catchment 
scale are responsible for underlying environmental, temporal or spatial gradients. 
Examples of such environmental gradients may include salinity gradients. Climatic 
differences can also create regional effects influencing temperature and evaporation rates 
(Wellborn et al., 1996; Waterkeyn et al., 2008; Boix et al., 2008). The inherent temporal 
variability of temporary pools is induced by variations in the hydroregimes which depend 
entirely on precipitation events. Therefore, the occurrence of extreme rainfall patterns can 
potentially result in a high environmental variability in temporary pools (e.g. fluctuations 
in water depth, water temperature, dissolved oxygen concentration, pH, conductivity and 
turbidity). The aquatic pool environment is ephemeral, fluctuating and unpredictable. The 
biological community should consequently feature adaptations to these conditions. 
(Meintjes et al., 1994). 
 
1.3. Global distribution of Large Branchiopoda 
The fauna of temporary pools is characterized by animals that are either adapted to 
withstand the drying periods or have good migratory capacities, allowing for colonization 
of new habitats when conditions become unfavorable. Some of the inhabitants in 
temporary pools are large branchiopods: tadpole shrimps (Notostraca), clam shrimps 
(Conchostraca: Laevicaudata, Spinicaudata, Cyclestherida), fairy and brine shrimps 
(Anostraca), and the common groups of smaller zooplankton: cladocerans, copepods and 
rotifers (Brendonck, 1996; Williams, 1997; Davies and Day, 1998; Hamer and Martens, 
1998; Brendonck and Williams, 2000). They have unique life history characteristics that 
make them important subjects in evolutionary biology. An important characteristic is the 
production of resting stages, which allows populations to persist despite the harsh 
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environment of temporary habitats (Wiggins et al., 1980; Herzig, 1985; Hairston, 1996; 
Brendonck and De Meester, 2003). 
Large branchiopods have a worldwide distribution (Fig. 1.1), including the polar areas. 
The vast majority of species are fresh-water organisms; however, some species of 
Branchinella, Streptocephalus and Thamnocephalus, as well as all species of Parartemia 
and Artemia, live in saline waters. Species diversity of large branchiopods at the level of 
the main zoogeographical regions is presented in table 1.1 (Brtek and Mura, 2000; 
Brendonck et al., 2008). 
 
 
Figure 1.1. Number of species of Anostraca (An), Notostraca (Not), Spinicaudata (Spin) and Laevicaudata 
(Laev) in each of the seven zoogeographical regions. PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, 
Afrotropical; OL, Oriental; AU, Australasian; PAC, Pacific Oceanic Islands; ANT, Antarctic (Brtek and 
Mura, 2000; Brendonck et al., 2008). 
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Some anostracan families are endemic to one region such as the Parartemiidae to 
Australasia and Tanymastigitidae to the Palearctic. Except for Parartemiidae and 
Tanymastigitidae, not one family is entirely restricted to the southern or northern 
hemisphere, which would reflect a Gondwanaland or Laurasia origin, respectively. Some 
clam shrimp genera like Cyzicus and Eocyzicus appear to be Laurasian, with their current 
ranges encompassing Eurasia, Africa and North America. But the genus Lepthesteriella, in 
contrast, seems Gondwanian, and occurs in Africa and Asia. Lynceids are cosmopolitan, 
except in Antarctica (Brendonck et al., 2008).   
 
Table 1.1. Species distribution of Anostraca, Notostraca, Spinicaudata and Laevicaudata per family in 
zoogeographic regions. 
 PA NA NT AT OL AU PAC ANT 
Anostraca 113 67 33 56 11 48 1 1 
Artemiidae 6 3 2 1 1 1 1 0 
Parartemiidae 0 0 0 0 0 13+ 0 0 
Branchinectidae 6 24 15 0 0 0 0 1 
Thamnocephalidae 5 6 16 4 2 32 0 0 
Streptocephalidae 16 15 0 24 7 2 0 0 
Branchipodidae 9 0 0 26  0 0 0 
Tanymastigitidae 8 0 0 0 0 0 0 0 
Chirocephalidae 61 16 0 1 1 0 0 0 
Linderiellidae 2 3 0 0 0 0 0 0 
Notostraca 7 7 2 1 2 2 0 0 
Triopsidae 7 7 2 1 2 2 0 0 
Conchostraca:  
Spinicaudata 
~50 ~16 ~17 ~25 ~25 23 1 0 
Cyzicidae ~20 6 2 ~7 ~10 10 0 0 
Leptestheriidae ~15 1 ~5 ~8 ~3 0 0 0 
Limnadiidae ~15 ~10 ~10 ~10 ~12 13 1 0 
Conchostraca:  
Laevicaudata 
8 7 13 4 4 2 0 0 
Lynceidae 8 7 13 4 4 2 0 0 
PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, Afrotropical; OL, Oriental; AU, Australasian; PAC, 
Pacific Oceanic Islands; ANT, Antarctic (Brtek and Mura, 2000; Brendonck et al., 2008).  
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1.4. Temporary pools and distribution of large Branchiopoda in the Azerbaijan area, 
northwest Iran  
Temporary pools have been largely overlooked in limnological and ecological 
research in Azerbaijan area. The only ecological study is the pioneering work on saline 
pools of Artemia in the vicinity of Urmia Lake (e.g. Abatzopoulos et al., 2006; Agh, 2007; 
Manaffar, 2012). The conservation status of temporary pools in Azerbaijan area and other 
wetlands is precarious as wetland inventories for most of the country are inadequate. The 
desiccation of Urmia Lake and neighbouring temporary pools over the past two decades 
illustrates the need to give attention to the conservation status of the wetlands in the region. 
Water diversion and management of dryland regions for agriculture purposes are having a 
serious impact on the water resources in the Azerbaijan area. On the other hand, the poor 
land practices with the aim of expanding agricultural lands, also threaten temporary pools 
and rivers of dryland regions (Jabbari et al., 2014; Lak et al., 2014). Because of the limited 
financial resources made available for conservation, it is necessary to identify areas whose 
protection will produce maximal benefits to regional biodiversity (Possingham and Wilson, 
2005). Also, setting conservation priorities requires the knowledge of population numbers 
and size, factors affecting species distribution and conservation status of the local species 
(Fig 1.2). Except for Artemia, knowledge about the occurrence and geographical 
distribution of large branchiopods in the Azerbaijan region, and in Iran in general, is 
limited and there is an urgent need for research in this field.  
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Figure 1.2.  Temporary pools in the Azerbaijan area, Iran. 
 
1.5. Life history studies of Anostraca 
Many fairy shrimp species have specific habitat requirements for parameters such as 
temperature and pH (Eriksen and Belk, 1999). Among several studies on population 
dynamics of fairy shrimps (Ali and Brendonck, 1995; Ali and Dumont, 1995; Mura and 
Dowgiallo, 1996; Mura, 1997; Hulsmans et al., 2006), only few have dealt with the 
relationship between the environmental conditions present in temporary pools on the one 
hand, and life history parameters such as hatching, growth, life span, survivorship and 
fecundity on the other. Some variables, such as temperature (Brendonck et al., 1998; 
Hulsmans et al., 2008) and salinity level (Nielsen et al., 2003; Hulsmans et al., 2008)     
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have been suggested as hatching cues for temporary pool fairy shrimps. However, high 
variability in hatching behavior of the test species makes it difficult to generalize or to 
correlate hatching characteristics with environmental conditions (Bond, 1934).  
Temperature is considered to be a major factor influencing growth and reproduction in 
life history study of the fairy shrimps Chirocephalus diaphanus (Lake, 1969), 
Branchinecta gigas (Daborn, 1975), Eubranchipus bundyi and Branchinecta mackini  
(Daborn, 1977), Artemia franciscana, A. salina and A. parthenogenetica (Browne et al., 
1988), Branchinecta sandiegonensis (Holtz, 2001), Branchipus schaefferi and 
Streptocephalus torvicornis (Beladjal et al., 2003), A. urmiana and A. parthenogenetica 
(Agh et al., 2007).  
Less focus, however, has been given to the effect of salinity on the life history of the 
freshwater anostracans. But there is considerable literature information on the effect of 
salinity on the survival, growth, morphometry, reproductive and life span characteristics of 
brine shrimp Artemia populations (e.g. Browne et al., 1984; Triantaphyllidis et al., 1995; 
Browne and Wanigasekera, 2000; Abatzopoulos et al., 2003; Agh, 2006). In small 
quantities, salt is essential for life; however, when it reaches higher concentrations in the 
natural environment it may adversely affect many animal species (Beresford et al., 2001). 
Some references in literature do examine the effects of salinity on macroinvertebrates of 
fresh water aquatic ecosystems, such as Gammarus tigrinus, Dreissena polymorpha, 
Corbicula fluminalis and Corophium curvispinum (Horrigan, 2005; Piscart, 2005), 
Daphnia magna and Daphnia longispina (Gonçalves, 2007), Daphnia carinata        
(Kefford et al., 2002).  
 
1.6. General biology and life cycle of Anostraca 
Large branchiopods are a group of crustaceans with ancient morphology, often called 
“living fossils” in the scientific and popular literature (Zierold et al., 2007). Their relatively 
large body size and remarkable appearance make them suitable as a flagship group for the 
conservation of temporary ponds (Belk, 1998; Demeter and Stoicescu, 2008). There is a 
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high number of endemic species within the group (e.g. Löffler, 1993; King et al., 1996). At 
present, 14 families of large branchiopods are recognised worldwide, five of which occur 
in Iran (Tab. 1.2).   
 
Table 1.2. List of large Branchiopoda species reported from Iran. 
Province                     Species Reference 
Bushehr 
Anostraca 
Streptocephalus auritus Waga, 1842 
(Streptocephalus torvicornis Waga, 1942) 
Brehm, 1954 
Khozestan Streptocephalus auritus Waga, 1842 Brehm, 1954 
 Branchipus schaefferi Fischer, 1834 Brehm, 1954 
East-Azerbaijan Chirocephalus skorikowi Daday, 1913 Mura and Azari Takami, 2000 
 Branchinecta orientalis Sars, 1901 Mura and Azari Takami, 2000 
 Phallocryptus spinosa Milne Edwards, 1840 Mura and Azari Takami, 2000 
 Streptocephalus auritus Waga, 1942 Brehm, 1954 
West- Azerbaijan Artemia urmiana Günther 1899 Günther 1899 
 Artemia parthenogenetica  Barigozzi, 1974 Agh, 2007 
 
Notostraca 
Triops cancriformis Keilhak, 1909 
 
Golzari et al., 2009 
 Lepidurus apus Linnaeus, 1758 Atashbar et al., 2012 
 
 
The order Anostraca is one of the orders of the Class Branchiopoda. The 
characteristics distinguishing them from the two other orders of large Branchiopoda: 
Notostraca and Conchostraca (Suborders: Laevicaudata, Spinicaudata, Cyclestherida) and 
from Cladocera, are the lack of a carapace, the presence of paired stalked eyes (though 
many crustaceans have stalked eyes), a body consisting of a head and a thorax of 13 
segments (the last two being the genital segments) with foliaceous limbs (shared with other 
branchiopods) and the genitalia, then six abdominal segments, and a telson bearing a pair 
of cercopods (Fig. 1.3). Some slightly different arrangements of body segments occur in 
some genera. Most anostracans are about 10-30 mm long (with extremes in the range 5-150 
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mm) (Timms, 2012); Branchinecta gigas Lynch 1937, for example, can grow to 150 mm 
(Daborn, 1975).  
 
 
 
Figure 1.3. Lateral view of an adult fairy shrimp showing its morphological structure (Timms, 2012) 
 
 
Fairy and brine shrimps live almost exclusively in temporary standing waters, i.e. in 
clay pans, rock pools, vegetated pools, newly filled freshwater lakes, salt lakes, ephemeral 
farm dams, roadside ditches, disconnected creek pools, in fact almost anywhere where 
water is ponded for more than a few days. They do not occur in waters with fish, as 
anostracans are defenceless against predation. In many fresh water bodies there are also 
numerous invertebrate predators, but fairy shrimps prevail by developing first, fast and by 
high fecundity. In saline waters inhabited by brine shrimps, there are few invertebrate 
predators, if any, but waterbirds such as stilts and avocets can be significant consumers of 
shrimps (Hulsmans et al., 2008; Timms, 2012).  
Anostracans survive the dry period in their habitat as drought-resistant eggs. These 
contain an embryo in an arrested stage of development and remain viable in the surface 
sediments for many years. They hatch 12-48 h after filling, but only a proportion hatches 
after each filling, a bet hedging program in case there is insufficient water to allow the 
shrimps to reach maturity and reproduce (Simovich and Hathaway, 1997; Van Dooren and 
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Brendonck, 1998; Williams, 2006, Timms, 2012). Growth is very rapid, with some species 
maturing within four days, though 2-3 weeks is more normal. Sexes are separate and 
reproduction is usually sexual, although some Artemia populations are obligately 
parthenogenetic. Once mature, males actively pursue females and commence copulation by 
clasping the female just anterior to the genital segments with their specially developed 
second antennae (Rogers, 2002; Timms, 2012). The female produces 20-300 cysts per 
batch every few days and eventually dies of senescence within a month or two. Each batch 
of offspring needs to be separately fertilized and cysts end up being deposited on the 
bottom mud (Timms, 2012) or float on the water surface in Artemia (Sorgeloos et al., 
1986). In most of the species, the produced eggs require drying before they hatch 
(Hathaway and Simovich, 1996; Brendonck et al., 1998; Mertens et al., 2008; Hulsmans et 
al., 2008; Timms, 2012).  
Almost all anostracan shrimps are filter feeders. They use their setose thoracopods to 
filter out small particles and then pass these forward to the mouthparts for processing and 
ingestion. The particles range from algae and protistians (eukaryotes) to bacteria and 
organic matter (Brostoff et al., 2010; Timms, 2012).  
 
1.7. Morphology and genetic diversity in Anostraca: relationship and local adaptation  
 
Branchiopoda have been described as crustaceans with high levels of phenotypic 
plasticity in response to the highly variable and unstable environments that they inhabit 
(Cohen, 2012). This plasticity is reflected in the great inter- and intra-population diversity 
displayed by anostracans. Several differences in specific morphological traits have been 
found among populations of Branchinecta papillata inhabiting isolated high-altitude 
environments (Mura, et al., 2006; Rogers et al., 2008, Cohen, 2012). This differentiation 
may have resulted from phenotypic plasticity, an environmental-induced phenotypic 
change that occurs within an organism's lifetime and which is an important adaptive 
strategy to help cope with environmental variability (Fordyce, 2006; Garland and Kelly, 
2006). On the other hand, this plasticity in morphology can be substantially reinforced by 
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genetic factors (Bossier et al., 2004; Qiu et al., 2006), and genetic diversity provides the 
raw material for adaptation to changing environments (Bower et al, 2011).  
For ephemeral pool crustaceans, gene flow via dispersal of diapausing cysts is 
dependent not only on the spatial array of suitable habitats but also on the movement 
patterns of vectors. Cysts may be transported either in or on the bodies of various animals 
including mammals, birds, amphibians, invertebrates, by wind (Bohanak and Whiteman, 
1999; Bohanak and Roderick, 2001; Figuerola et al., 2003; Green and Figuerola, 2005; 
Green et al., 2005; Beladjal et al., 2007a; Beladjal and Mertens, 2009) or by water.  
The effects of spatial gene flow in fragmented habitats have been well confirmed for 
some populations of freshwater anostracans over short distances (Bilton et al., 2001; 
Beladjal et al., 2007b; Hulsmans et al., 2007; Vanschoenwinkel et al., 2008; Beladjal and 
Mertens, 2009; Vanschoenwinkel et al., 2011). In contrast, little is known about the gene 
flow among remote or isolated aquatic habitats such as mountain pools over large spatial 
scales (Cooper et al., 2007; Mergeay et al, 2008). Populations that have been 
geographically isolated for a long time have a tendency to diverge from each other by 
adapting to their local environments (Bower et al, 2011). This geographical differentiation 
is strongly associated with molecular or morphological differentiation, when a geographic 
barrier limits dispersion (Scheihing et al., 2010). 
Currently a variety of analytical approaches, which include multivariate analysis of 
morphological characters and molecular systematics, are available to complement classical 
taxonomy, providing additional tools to investigate biodiversity and geographical 
distribution (Wiens, 2001), such as demonstrated for the genus Artemia (Asem et al., 2010; 
Hontoria et al., 2012; Scalone et al., 2013; Ben Naceur, 2013; Asem and Sun, 2014). 
Recently, both molecular and morphological approaches have been used in description of 
population diversity in A. urmiana samples from different geographic areas of Urmia Lake 
(Manaffar, 2012). In that study the multivariate analysis discriminated different 
populations based on morphological characteristics that were positively correlated with 
genetic diversifications between the populations.  
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The mtDNA markers, especially cytochrome oxidase I (COI), are widely used in 
molecular identification of species and populations from different geographic habitats 
(Haeger, 2010). Analysis of mtDNA sequences has strongly demonstrated phylogenetic 
differentiation within the species of Branchinecta lindahli, B. mackini, B. pakardi, B. 
lynchi (Fugate, 1992) and B. coloradensis, which are living in pools in different valleys in 
the Rocky Mountains, USA (Bohonak, 1999). The degree of genetic-morphometric 
relationship may be clarified in part by examining the association or correlation of genetic 
characters, such as heterozygosity, with phenotypic states such as size (Korn, 2010).  
 
1.8. Research objectives and thesis outline 
The general objective of this study is to present an overview of the ecology of seasonal 
pools in Azerbaijan, northwest Iran. Invertebrates of temporary pools, focusing on large 
branchiopod species, have been the subject of a limited number of studies aimed at 
understanding ecological processes in this region, for example in endorheic pools (Agh and 
Noori, 1997; Mura and Azari Takami, 2000; Agh et al., 2001; Abatzopoulos et al., 2006; 
Manaffar et al., 2012) and wetlands (Mehdizadeh Fanid et al., 2007). However, many 
aspects of the ecology of temporary pools are still unknown or have not been studied in 
sufficient detail.  
The current study therefore aims to contribute to the identification of new biotopes of 
large Branchiopoda, to characterize them on the basis of their ecological and biological 
characteristics, and thus to expand our knowledge on the biodiversity of Azerbaijan. We 
examined life history traits of some species in response to environmental changes 
(temperature and salinity gradients), in order to identify the role of local and regional 
factors in the distribution of large branchiopods in the study area.  
The specific objectives can be summarized as follows: 
 
1- To determine the limnological characteristics and typology of temporary pools in 
Azerbaijan.  
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2- To understand the ecological factors and processes determining large branchiopod 
community structure in temporary pools.  
3- To evaluate the importance of Azerbaijan as a hotspot for large branchiopod diversity 
and to highlight major threats to the habitats and species in the area. 
4- Morphometric and genetic characterization of Branchinecta orientalis populations 
found in Azerbaijan. 
5- Performance of the Branchinecta population from Azerbaijan, subjected to different 
temperatures, in terms of growth, survival and reproductive and life span 
characteristics. 
6- To determine the hatching characteristics of anostracans found in Azerbaijan. 
 
Chapter 1. This chapter starts by reviewing the present knowledge on large Branchiopoda. 
In particular it introduces the distribution and habitat characteristics of temporary pools, 
and the species-distribution patterns, phylogeny, anatomy, ontogeny, reproductive strategy 
and conservation status of their inhabitants in our study area. Secondly, some information 
is provided about the study of genetic and morphological variations within anostracan 
species according to geographical distribution. This is followed by briefly listing the 
analytical methods needed for the genetic and morphometric analysis of populations.   
Chapter 2. In this chapter, the characteristic ecological features of large branchiopod 
habitats, obtained from field and laboratory studies, are summarized. This chapter gives an 
overview of inhabited temporary pools considering all types of habitats distributed in East- 
and West-Azerbaijan. These investigations are followed by the statistical analysis carried 
out, biotic and abiotic data, to understand the factors and processes structuring large 
branchiopods and taxon richness in these habitats. Additionally, major threats are reviewed 
to understand the need for official protective regulations. 
Chapter 3. The distribution patterns of Lepidurus apus are studied in chapter 3. This 
chapter provides details on the biogeography and on the main regional factor in the 
distribution of this species. In addition, this species is studied morphologically and its 
occurrence in Iran is reported for the first time.  
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Chapter 4. We investigate the effect of salinity and temperature on the hatching 
characteristics of the dormant eggs of Phallocryptus spinosa, S. torvicornis and B. 
orientalis collected from biotopes situated at different geographic locations in Azerbaijan. 
These experiments are conducted in order to understand the hatching pattern of the 
respective species in terms of duration of the pre-hatching period, the hatching percentage 
at the first day of hatching, and the cumulative hatching success. In addition, we assessed 
how their response to hatching and temperature may affect their distribution.  
 Chapter 5. For further biological evaluation, we studied some other life history 
characteristics of B. orientalis in response to different temperatures. In this regard, growth, 
survival, and reproductive characteristics of B. orientalis are investigated in order to 
understand the function of temperature patterns for the distribution of this species in the 
region.   
Chapter 6. Morphological and molecular (cytochrome oxidase I) characteristics are 
studied in six populations of B. orientalis from different locations in Azerbaijan. The data 
analyzed describe the genetic and morphometric dissimilarities among the populations over 
geographic distances. We also tested the correlations between geographic, morphological, 
and genetic distances to provide any probable evidence for local adaptation in the species 
B. orientalis within a biogeographic region.  
Chapter 7. Discusses the overall results of this thesis in the framework of the research 
objectives, and presents recommendations for future research. 
References 
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2.1. Abstract 
A survey on the distribution and status of large branchiopod crustaceans 
(Branchiopoda: Anostraca, Notostraca, Conchostraca) in Iran was carried out from spring 
2008 to summer 2011 with the purpose of providing a systematic contribution to the 
knowledge of these crustaceans in the region. Data from literature on Iranian large 
branchiopods are briefly reviewed, and field surveys allowed us to add new data on their 
presence and co-occurrence in the area. Eleven large branchiopod species were collected, 
including five Anostraca, three Notostraca and three Conchostraca species. Anostraca have 
been recorded previously from Iran, but all of the Conchostraca (Leptestheria sp., 
Caenestheriella sp. and Cyzicus sp.) and Triops granarius are new records. Species 
richness was correlated to pool size and salinity. Diversity analysis revealed that large-size 
low-salinity (0.5-3 gL
-1
) pools housed more species than the other pool categories. This 
may suggest species-sorting mechanisms and possibly monopolization of resources in 
small saline pools. Most of the observed large branchiopod species are threatened or 
remain data deficient due to inadequate knowledge of their distribution. Local extinction 
risks are high for species with one or two populations due to consecutive years of drought. 
 
2.2. Introduction 
Temporary aquatic habitats have a global distribution being most abundant in semi- 
arid and arid regions (Jones and Day, 2003; Brendonck et al., 2008). Due to the threats 
(e.g. land use for agriculture, construction of roads, etc) to these special habitats, there is a 
need to understand the factors and processes structuring their animal communities. 
Understanding the processes and factors that structure communities has always been a 
primary objective in aquatic ecology. Temporary pools have a widespread distribution in 
all types of habitats but they are an integral part of the landscape of dryland regions. These 
water bodies can be very important habitats for certain endangered animals in the absence 
of predators. Among the many invertebrates adapted to breed in temporary pools, large 
branchiopods take a particular position, as they are ancient and are real specialists of 
temporary water bodies. The large Branchiopoda (Anostraca, Notostraca, and 
Chapter 2 
 
18 
 
Conchostraca) are the flagship taxa of temporary aquatic systems having specially evolved 
in these variable habitats over many millennia (Brendonck et al., 2008). They possess 
characteristics such as diapause that have enabled them to persist as permanent residents in 
conditions that most aquatic taxa find intolerable (Brendonck et al., 2008). They inhabit 
alkaline pools, ephemeral drainages, rocky outcrop pools, ditches, stream oxbows, stock 
ponds, temporary pools, temporary swales, and other seasonal wetlands (Eriksen and Belk, 
1999). Physico-chemical properties play a central role in shaping temporary habitats and 
their communities (Angélibert et al., 2004), and it is important to understand factors that 
influence their temporal and spatial development. Potential factors affecting their 
distribution include water chemistry, hydrology and depth of unfrozen water in the winter 
and presence of algae in the spring. Certain environmental conditions are required by the 
encysted embryos for maturation and hatching, including appropriate soil moisture 
conditions and precipitation patterns, and freezing (Colburn, 1997). 
Large branchiopods have a worldwide distribution, occurring in some of the most 
remote places on earth such as Antarctica (Brendonck et al., 2008). Unfortunately the 
patterns of diversity, distribution and conservation status of these taxa are still poorly 
known. However, in comparison with the rest of the Middle East, the fauna of Iran appears 
to be better studied. Nevertheless very little is known about the large branchiopod fauna of 
this country, except for very occasional and localized collections (e.g. Brehm, 1954; 
Günther, 1899; Mura and Azari Takami, 2000; Abatzopoulos, 2006; Golzari et al., 2009; 
Atashbar et al., 2009, 2012). The faunistics of other countries in the region is poorly known 
as they have been inadequately sampled. The main obstacle to the study of temporary 
habitats is that they commonly occur in remote regions of unpredictable rainfall and that 
they are inaccessible and poorly known (Hamer and Brendonck, 1997). In Iran, 
consecutive years of drought were identified as major threats to efforts to conserve the 
habitat of this unique fauna. On a global scale, temporary habitats are also threatened by 
habitat loss due to factors such as pollution by agriculture, changes in land use, climate 
changes and ground-water extraction (King et al., 1996; Hamer and Brendonck, 1997; 
Pyke and Fisher, 2005; Brendonck et al., 2008). The study of large branchiopods could 
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bring data and raise public awareness on the importance of temporary ponds, both 
important to initiate conservation action. 
To address the lack of information about distribution, richness and conservation status 
of large branchiopod species in Iran, a detailed investigation of these pools was carried out 
over a 4-year period, mostly in the northwest of the country. With this study we want to 
highlight the species occurring in the region, together with their distribution patterns and 
co-existence. We also aim to underline the major threats to the habitats and species in the 
area. 
 
2.3. Material and Methods 
2.3.1. Study area 
The specimens were generally collected from pools in two provinces of Iran, namely 
East and West Azerbaijan. Three additional samplings were conducted in Yazd, Khorasan 
and Fars provinces (Tab. 2.1). East and West Azerbaijan are located in northwestern Iran in 
the vicinity of Lake Urmia and have semi-arid and mediterranean climatic conditions. 
Yazd is located in the arid and hyper-arid central part of Iran, Khorasan is located in the 
arid northeast of the country, and Fars province is located in the southwest and has an arid 
and semi-arid climate (Alijani, 1995).  
 
2.3.2. Field sampling 
For this study, thirty-seven temporary pools at 21 sites scattered over five provinces 
were selected and sampled during four consecutive springs; 2008-11 (Fig. 2.1). Most of the 
samplings were done in the morning (between 9:00 and 12:00 a. m) to avoid effects of 
fluctuating temperature on qualitative and quantitative aspects of the examinations. The 
depth was measured with a measuring stick. Also, maximum length and width were 
measured for each pool to estimate surface area as the surface area of an ellipse; multiple 
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ellipses were used for more complex pools. Vegetation cover assessments (%) for each 
pool were done visually. Temperature, dissolved oxygen, conductivity and pH were 
measured using sensors (CRISON MM40) and salinity using a hand refractometer 
(ATAGO). These parameters were measured by means of a mixed water sample, 
containing about 15 L of water collected at the edge and in the middle of the wetland. In 
cases where the turbidity was high, first the sediment deposits and upper phase of the water 
samples were used for measurements (De Roeck, 2007). Chlorophyll a concentrations were 
measured by filtering a maximum volume of water (until saturation of the filter) through a 
GF/C filter (mesh size: 1.2 μm) and extracting the pigment in acetone (90%) following the 
procedure of Nusch (1980). The amount of suspended matter was analyzed by filtering a 
maximum volume of water through a previously dried and weighed GF/C Whatman filter, 
followed by drying the filter for at least 24 h at 105 °C and reweighing it. By subtracting 
the weight of the original clean filter, the amount of suspended matter (mg/l) was 
calculated (De Roeck, 2007). Total nitrogen and total phosphorus were determined using 
unfiltered water samples with a spectrophotometer (CAMSPEC M330) (Eaton et al., 1995). 
Micro-zooplankton (e.g. Cladocera, Copepoda) biomass was estimated from the density 
data and published length-dry weight relationships (Leuven et al., 1985) (Tab. 2.1). 
Large branchiopod specimens were obtained from each pool by filtering specific 
volumes of water (20-500 L, depending on the size of the biotopes) using a 250-μm mesh 
net. The animals´ density estimates were based on counts of specimens per sample, which 
were immediately transferred to formalin (4%) for later identification. Specimens obtained 
from each sample were identified to the genus or species level using a ZEISS SV 11 
stereomicroscope based on morphological characteristics (Daday, 1910; Longhurst, 1955; 
Brtek and Mura, 2000). 
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Figure 2.1. Distribution map of large branchiopods (Crustacea; Anostraca, Notostraca and Conchostraca) site 
records in Iran during the this study; Branchinecta orientalis: (1) (2) (3) (8) (10) (11) (16) (17) (18) (19) 
(20); Streptocephalus torvicornis:(4) (5) (12) (13); Phallocryptus spinosa: (6) (7) (8) (9) (17) (22) (23) (24); 
Chirocephalus skorikowi: (15); Triops cancriformis: (5), (10) ; Lepidurus apus: (18); Triops granarius: 
(2); Leptesthria sp. (4); Caenestheriella sp. (18); Cyzicus sp. (10); Artemia parthenogenetica: (6) (7) (8) (9) 
(17) (22) (23) (24). 
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Table 2.1. Location of the 21 sites (including 37 pools):  the pool coordinates, and the average surface area 
and average salinity of pools. Surface are (Surf) and Chlorophyll a (Chlo a). 
Province Site Code Pool Location Surf Salinity Depth Chlo a 
    N E ha gL1 cm mgL-1 
West 
Azerbaijan 
Garagojanlou GAR GAR 39° 39׳ 20״ 44° 50׳ 29״ 0.002 1 25 3.2 
Akh Gol AKG AKH 39° 33׳ 18״ 44° 44׳ 10״ 60 1 40 4.6 
Sari Su SAS SAS 39° 24׳ 34״ 44° 26׳ 22״ 3 3. 22 4.5 
Pezhic PEZ PEZ 39° 26׳ 33״ 44° 57׳ 26״ 1 0.3 15 13.5 
Kazemi KAZ KAZ 39° 24׳ 21״ 44° 58׳ 55״ 0.13 2 57 7.9 
Zanbil ZAN ZAN1 37° 44׳ 26״ 45° 15׳ 54״ 1 17 25 3.7 
  ZAN2 37° 44׳ 50״ 45° 13׳ 39״ 0.2 34 26 2.1 
  ZAN3 37° 43׳ 48״ 45° 12׳ 56״ 0.2 14 50 1.2 
  ZAN4 37° 43׳ 36״ 45° 11׳ 18״ 2.5 10 60 2.3 
Chichest CHI CHI1 37° 34׳ 49״ 45° 15׳ 28״ 0.54 20 25 1.2 
  CHI2 37° 34׳ 59״ 45° 13׳ 11״ 0.53 1.5 15 2.8 
Hassar HAS HAS1 37° 32׳ 38״ 45° 15׳ 05״ 0.05 2.3 25 1.3 
  HAS2 37° 30׳ 58״ 45° 15׳ 31״ 0.1 1 35 3.5 
  HAS3 37° 30׳ 34״ 45° 15׳ 49״ 0.03 14 30 1.3 
  HAS4 37° 30׳ 38״ 45° 15׳ 35״ 0.1 5.3 60 2.2 
Eider EID EID1 37°47׳ 35״ 45° 08׳ 37״ 1.05 24 40 1.6 
  EID2 37°47׳ 35״ 45° 08׳ 37״ 0.4 27 50 7.3 
  EID3 37°28׳ 36״ 45° 13׳ 49״ 0.35 25 55 1.9 
  EID4 37°28׳ 28״ 45° 13׳ 33״ 2.5 23 50 3.5 
  EID5 37°28׳ 20״ 45° 13׳ 34״ 2.5 9.8 60 8.3 
Rashakan RAS RAS1 36° 56׳ 16״ 45° 37׳ 15״ 0.2 1 40 26.1 
  RAS2 37° 22׳ 62״ 45° 16׳ 27״ 30 1 25 22.3 
Haji Khosh HAK HAK1 36° 54׳ 23״ 45° 48׳ 41״ 0.2 0 15 1.2 
  HAK2 36° 55׳ 32״ 45° 47׳ 26״ 0.49 2 20 1.4 
Solduz SOL SOL 36° 59׳ 20״ 45° 32׳ 52״ 0.33 1 45 2.3 
 
East 
Azerbaijan 
Gom Tapa GOT GOT 38° 13׳ 33״ 46° 02 38״ 0.21 1 21 1.1 
Teymorlou TEY TEY1 37° 49׳ 26״ 45° 52׳ 58״ 0.2 3 20 1.11 
  TEY2 37° 50׳ 26״ 45° 52׳ 58״ 0.25 2 20 2.5 
Khaslou KHS KHS1 37° 49׳ 50״ 45° 50׳ 03״ 0.04 4 30 6.6 
  KAS2 37° 52׳ 29״ 45° 54׳ 39״ 0.12 5 40 4.8 
  KHS3 37° 48׳ 47״ 45° 49׳ 46״ 0.05 58 25 2.8 
Aigher Goli AIG AIG 37° 46׳ 31״ 46° 35׳ 31״ 6 0 55 11.2 
Ganj Abad GAA GAA 37° 25׳ 37״ 45° 52׳ 27״ 8.4 0 40 4.6 
Ala Qayah ALQ ALQ 37° 23׳ 48״ 46° 43׳ 05״ 20 0 35 4.2 
Fars Lar pool LAR LAR 27° 41׳ 30״ 54° 19 ׳22״ 2.2 40 50 1.5 
Yazd Bafgh BAF BAF 31° 41׳ 15״ 55° 11׳ 33״ 6 4 100 3.2 
Khorasan Gonabad GON GON 34° 44׳ 50״ 58° 40׳ 21״ 25 5 100 1.2 
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2.3.3. Data analysis 
All variables, except pH, were logarithmically transformed prior to statistical analysis. 
In some cases log (x+1) transformation was done because of the occurrence of zerovalues.  
Association between environmental variables was explored with a centered and 
standardized Principal Component Analysis (PCA). Pearson correlation analysis (p < 0.05) 
was done to aid the interpretation of the PCA (CANACO 4.5).  
We performed Canonical Correspondence Analysis (CCA) (499 Monte Carlo 
permutations) to assess the influence of local environmental and spatial factors on the 
occurrence of large branchiopods (presence/absence data) using CANACO 4.5 (p < 0.05).  
Regression analysis was used to examine relationships between species richness and 
environmental variables that were significant in datasets of pools (Statistica 7.0). The 
diversity of large branchiopods was estimated by calculating Simpson‟s index (1/D; where 
D = ∑([ni{ni ‒ 1}]/[N{N ‒ 1}] (Magurran, 1988) and the Shannon-Wiener diversity index 
(H‟; where H‟ = ‒ σ (pi log2 pi) (Magurran, 1988), evenness (E; based on the Shannon-
Wiener index where E = H‟/ log 2 S‟) (Magurran, 1988), Margalef‟s species richness index 
(Dm = 1/logN) (Margalef, 1951) and Berger-Parker Index (Dominance= Nmax/N) (Berger 
and Parker, 1970). In the above equations, pi is the proportion of the i
th
 species; ni is the 
number of individuals of the i
th
 species, and N is the total number of individuals in the 
sample. ANOVA (HSD post-hoc test) was used to test for significant differences among 
categories of pools for the diversity metrics. A matrix of species coexistence was 
constructed by calculating Fager‟s Index (IAB = 2J / (nA+ nB)) of affinity between each pair 
of species, which provides a measure of the frequency of two species occurring together 
(Maeda-Martinez et al., 1997), where J = the number of joint species occurrences, A and B 
= total number of occurrences of species A and B. 
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2.4. Results 
2.4.1. Limnological features 
One major aim of the study was to characterize the limnology of the pools occurring in 
the studied area. The surface area of the pools ranged between 0.002 and 60 ha. Depth 
ranged between 15 and 100 cm. Most physico-chemical and biotic variables showed very 
high variation between the pools and often differed with more than one or two orders of 
magnitude. Salinity ranged between 0.5 and 58 gL
-1
. Conductivity was associated with 
salinity and ranged from 4 to 79 mS.cm
-1
. The pH ranged from neutral to alkaline. 
Temperature ranged between 24.4 and 28.0ºC. Concentrations of nutrients that potentially 
limit primary production (e.g. total phosphorus and nitrates) were very low. In many cases 
total phosphorus was below the detection limit (lower than 0.01 mgL
-1
 in 59 % of the 
cases), and total nitrate was lower than 1 mgL
 -1
 in 40% of the cases. Water transparency 
varied between 12 and 30 cm Snell‟s depth and the bottom of the pools was always visible 
in most of the high salinity pools.  With some exceptions, phytoplankton biomass was low 
in most of the cases (Tab. 2.2.).  
Some pools were largely covered by submerged and floating-leaved vegetation, while 
other pools had only sparse or no vegetation (Tab. 2.2). According to our physico-chemical 
data, the majority of the studied pools can be considered as oligotrophic saline mires. A 
majority of the pools was characterized by high salinity and low alkalinity, which may 
indicate that most of the pools are to a large extent hydrologically isolated and fed by rain 
water or carbonate-poor ground water.  
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Table 2.2. Physico-chemical, morphometric and biotic variables assessed for the study. The table also gives 
the codes of the variables that are used in the graphs.  
Variable Code Units Median Minimum 25 percent  75 percent Maximum 
Physico-chemical        
Conductivity Cond mS.cm-1 8.5 4 5.5 25 79 
Dissolved oxygen DO mgL-1 7.4 5.7 6.8 8.6 13.6 
Suspended materials Susp mgL-1 3 1 1 5 26 
Temperature Tem °C 24.4 18 23 25 28 
Transparency Trans cm 21 12 17 25 30 
Total phosphate t-P mg PL-1 0.03 0 0.04 0.01 0.1 
Total nitrate t-N mg NL-1 2 1 1.3 3 9 
Salinity Salin gL-1 4 1 23 1 58 
pH Ph  7.5 7 7.3 7.7 8.8 
Biotic        
Chlorophyll a Chlo a μgL-1 2.8 1 1.5 4.9 26 
Vegetation cover VCO % 5 0 5 12 50 
Micro-zooplankton MZO μgL-1 37 0 16 93 620 
Large branchiopods LBs n 56 5 20 116 731 
Morphometric        
Depth Dep cm 35 15 25 50 100 
Altitude Alt m.a.s.l 1275 784 1300 1274 2560 
Surface area  Surf ha 0.15 0.002 0.02 0.4 60 
 
 
2.4.2. Pattern and relations between environmental variables 
The results of principal component analysis (PCA) of total average values of 
environmental variables are shown in figure 2.2. The PCA axes 1 and 2 together represent 
73.6% of variation in the environmental variables of the wet-season data set (respectively 
53.4% % and 20.2%). Axis 1 mainly represents a positive gradient of micro-zooplankton, 
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pH, chlorophyll a, suspended materials and total phosphate, correlated with surface area. 
The same axis is negatively correlated with salinity, conductivity and transparency. Axis 2 
shows strong positive correlation with suspended material, chlorophyll a, pH and surface 
area. The same axis is negatively correlated with transparency, salinity and conductivity 
(Fig. 2.2). The correlation between the total environmental variables and the first two axes 
of the principal component analysis is summarized in table 2.3. 
 
 
Figure 2.2. Principal component analysis (PCA) biplot showing the associations between  
environmental variables and the pool sizes. For the abbreviations, see table 2.2. 
 
-1.0 1.0Axis 1
-1
.0
1
.0
A
x
is
 2
Tem
DO
Trans
Cond
Salin
pH
t-N
Chlo
Susp
Surf
Dep
VCO
Alt
MZO
t-P
Chapter 2 
 
27 
 
Table 2.3. Pearson correlation coefficients, r, between all environmental variables and the first two axes of 
the principal component analysis; % of variance refers to the percentage of total variance in environmental 
variables explained by axes 1 and 2. 
Environmental variable Axis 1 Axis 2 
Temperature 0.1004 -0.2295 
Dissolved oxygen -0.006 0.0293 
Transparency -0.4202 -0.5171 
Conductivity -0.6651 -0.4625 
Salinity -0.9265 -0.5103 
pH 0.3079 0.4855 
Total nitrate 0.0133 0.1494 
Total phosphate 0.1870 -0.0830 
Chlorophyll a 0.2698 0.5069 
Suspended material 0.2388 0.5405 
Vegetation cover 0.0262 -0.0654 
Micro-zooplankton 0.6071 0.3265 
Surface area 0.1864 0.4553 
Depth 0.4271 -0.0646 
Altitude 0.0741 0.0601 
% of  variance 53.4 20.2 
 
 
2.4.3. Taxonomy and distribution of large branchiopods  
We recorded a total of 11 large branchiopod species in the 37 study pools that 
supported at least one species. Twenty-seven pools (72% of the total) contained at least one 
species of Anostraca. Notostracan species (Triops cancriformis Keilhak, 1909, Triops 
granarius Keilhak, 1909 and Lepidurus apus Keilhak, 1909) were present in five pools 
(13%). All Conchostracan species encountered in this study belong to the Spinicaudata 
(Leptestheria sp., Caenestheriella sp. and Cyzicus sp.) and occurred in six pools (16%). A 
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number of large branchiopod species were found coexisting in some pools. Branchinecta 
orientalis, Phallocryptus spinosa and Artemia parthenogenetica were the dominant species 
of large branchiopods and were identified from 11, eight and six geographical  locations 
respectively (Tab. 2.4 a, b). P. spinosa and A. parthenogenetica had a wide distribution in 
the saline pools, ranging between 5 and 58 gL
-1
. B. orientalis commonly occurred in low 
salinity pools (< 5 gL
-1
). The remaining species were only found in salinities ranging               
0.5-3 gL
-1
. Triops granarius, Leptestheria sp. Caenestheriella sp. and Cyzicus sp. were 
reported for the first time in Iran.  
Table 2.4a. Large branchiopod species detected in the sites studied. For abbreviations, see table 1.1. 
Site                          Taxon Individuals/m
3 
GOT Streptocephalus torvicornis Waga, 1842 101 
PEZ 
Streptocephalus torvicornis Waga, 1842 141 
Cyzicus sp. Audouin, 1837 291 
SOL Streptocephalus torvicornis Waga, 1842 34 
KAZ 
Streptocephalus torvicornis Waga, 1842 15 
Triops cancriformis Bosc, 1801 28 
Leptestheria sp. Daday, 1889 65 
KHS 
Artemia parthenogenetica Barigozzi, 1974 2667 
Phallocryptus spinosa Milne-Edwards, 1840 83 
GON 
Artemia parthenogenetica Barigozzi, 1974 1806 
Phallocryptus spinosa Milne-Edwards, 1840 21 
CHI 
Artemia parthenogenetica Barigozzi, 1974 1986 
Phallocryptus spinosa Milne-Edwards, 1840 21 
HAS 
Artemia parthenogenetica Barigozzi, 1974 520 
Phallocryptus spinosa Milne-Edwards, 1840 127 
ZAN 
Artemia parthenogenetica Barigozzi, 1974 254 
Phallocryptus spinosa Milne-Edwards, 1840 132 
EID 
Artemia parthenogenetica Barigozzi, 1974 770 
Phallocryptus spinosa Milne-Edwards, 1840 110 
AIG 
Chirocephalus skorikowi Daday, 191 31 
Branchinecta orientalis Sars, 1901 112 
Lepidurus apus Linnaeus, 1758 8 
Caenestheriella sp. Daday, 1914 12 
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Table 2.4b. Large branchiopod species detected in the sites studied. For abbreviations, see table 1.1. 
Site                          Taxon Individuals/m
3 
ALQ Branchinecta orientalis Sars, 1901 41 
AKH Branchinecta orientalis Sars, 1901 308 
GAR 
Branchinecta orientalis Sars, 1901 123 
Triops granarius Lucas, 1864 28 
Cyzicus sp. Audouin, 1837 62 
GAA Branchinecta orientalis Sars, 1901 48 
SAS Branchinecta orientalis Sars, 1901 76 
HAK Branchinecta orientalis Sars, 1901 101 
HAS Branchinecta orientalis Sars, 1901 30 
RAS Branchinecta orientalis Sars, 1901 15 
 Triops cancriformis Bosc, 1801 62 
KHS Branchinecta orientalis Sars, 1901 22 
TEY Branchinecta orientalis Sars, 1901 31 
LAR Phallocryptus spinosa Milne-Edwards, 1840 5 
BAF Phallocryptus spinosa Milne-Edwards, 1840 12 
 
 
2.4.4. Effect of environmental factors on species composition 
The CCA analysis revealed that environmental variables on the first two axes accounted 
for 58.3% of the variation in the occurrence of large branchiopod species (axis 1: 36.3% 
and axis 2: 22.0%) (Fig. 2.3). The variables salinity, conductivity, transparency, suspended 
materials and chlorophyll a together significantly explained 25.7% of the variation in 
species occurrence (Trace = 1.166 F = 17.350 p = 0.002). Additional CCA analysis 
revealed that the variables surface area, depth, total nitrates and temperature were 
significant positive variables explaining most variation in large branchiopod occurrence 
(Trace = 0.848 F = 8.209 p = 0.002).  
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Figure 2.3. Canonical correspondence analysis (CCA) ordination biplot showing the relationship between  
large branchiopod species composition and environmental variables. For the abbreviations, see table 2.2. 
 
 
2.4.5. Effects of environmental factors on total species richness, density and diversity 
Results of Multi Linear Regression (MLR) analysis of the relationships between 
environmental variables and cumulative species richness and density are presented in            
table 2.5. Salinity, chlorophyll a, suspended materials and vegetation cover were 
significantly and positively correlated to richness. A significant negative relationship was 
found between conductivity and species richness. Significant positive relationships were 
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found between large branchiopod density and total nitrate concentration and surface area 
on the other. 
As the salinity and surface area were recognized as environmental variables affecting 
community metrics (Tab. 2.5), we classified all pools based on salinity range and surface 
area to determine their possible correlation effects on taxon community metrics (Tab. 2.6). 
Two distinct patterns were observed between pools belonging to the different 
classifications. Firstly, Shannon-Weiner diversity was significantly higher in large low-
salinity pools (0.5-3 gL
-1
) than in small brackish and high-salinity pools (>3 gL
-1
) 
(ANOVA, p < 0.02). Nevertheless, contrasting results were obtained for Margalef Richness 
Index, which was significantly higher in medium-size low-salinity pools than in all others 
(ANOVA, p < 0.05). The highest evenness was observed in the medium-size high-salinity 
pools. Simpson‟s Diversity and Dominance values were the highest in small-size pools 
compared to all other categories. There were no significant differences in Simpson‟s 
Diversity index, dominance, and evenness between the classified pools (ANOVA, p > 
0.05).  
Table 2.5. Multi Linear Regression relationships between cumulative species richness, density and 
environmental variables for pools studied. Values for the slope (β), explained variance (F) and significance p-
value are provided for each relationship. 
 Environmental variable β F p 
Richness Conductivity -0.223 1.484 0.022 
 Salinity  0.672 27.655 < 0.0001 
 Chlorophyll a 0.316 0.584 0.016 
 Suspended materials 0.331 0.584 0.027 
 Vegetation cover 0.380 5.398 0.026 
Density Total nitrates 0.310 2.140 0.032 
 Surface area 0.528 0.301 0.0006 
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Table 2.6. Diversity indices of large branchiopods in correlation with the pool sizes and salinity ranges; low 
salinity: 0.5- 3 gL
-1
, brackish and high salinity: >3 gL
-1
; surface area: <100 m² = small, 100-1000 m
2
 = 
medium, >1000 m
2
 = large.  
Pool size Salinity (gL
-1
) H‟ E (H‟) D DMg Dominance 
Small 0.5-3 0.387 0.642 0.473 3.741 0.598 
 >3  0.157 0.523 0.522 2.862 0.882 
Medium 0.5-3 0.572 0.818 0.321 4.316 0.487 
 >3  0.695 0.893 0.218 3.317 0.272 
Large 0.5-3 0.847 0.814 0.285 3.182 0.317 
 >3  0.637 0.637 0.285 2.74 0.409 
H‟-Shannon-Weiner Diversity Index; E-Evenness Index; D-Simpson‟s Diversity index; DMg-Margalef 
Richness Index; Dominance-Berger-Parker Index. 
 
 
Fager‟s index of affinity for the different large branchiopod species is presented in 
table 2.7. Very high affinity (96%) was observed only between species belonging to the 
different orders. The highest affinity among the Anostraca species was 86% and this 
occurred between P. spinosa and A. parthenogenetica. Among the Notostraca species, T. 
cancriformis had the highest affinity for other species with indices of higher than 65% for 
B. orientalis. Streptocephalus torvicornis displayed a very low affinity with Cyzicus sp. 
The zero values display where the species did not coexist at all. For instance, Notostraca 
and Conchostraca species did not coexist with P. spinosa and A. parthenogenetica.   
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Table 2.7. Below the diagonal: Fager‟s index of affinity (X 100) for coexisting large branchiopod species in 
37 temporary pools; above the diagonal: number of records in which species were found co-occurring. 
 
BO PS CS ST AP LA TG TC LS CS CZ 
B. orientalis  (BO) 
 
0 1 0 0 1 1 2 2 0 1 
P. spinosa (PS) - 
 
0 0 13 0 0 0 0 0 0 
. skorikowi (CS) 12 - 
 
0 0 1 0 1 0 1 0 
S. torvicornis (ST) - - - 
 
0 0 0 1 1 0 1 
Artemia (AP) - 86 - - 
 
0 0 0 0 0 0 
L. apus (LA) 17 - 51 - - 
 
0 0 0 1 0 
T. granarius (TG) 16 - - - - - 
 
0 1 0 0 
T. cancriformis (TC) 65 - - 45 - - - 
 
3 0 0 
Leptisteria sp. (LS) 42 - - - - - - 24 
 
0 0 
Caenestheriella sp. (CZ) 16 - 46 - - 96 - - - 
 
0 
Cyzicus sp. (CS) 15 - - 5 - - 63 - - - 
 
 
2.5. Discussion 
Brendonck et al. (2008) reported about 500 species of large branchiopods world-wide, 
among which 170-180 species from the Palaearctic zoogeographical region including Iran. 
To date, 32 species are known from the Middle East (e.g. Brehm, 1954; Qadri and Baqai, 
1956; Brtek, 1968; Thiéry, 1996; Beladjal and Mertens, 1997; Brtek and Mura, 2000; 
Mura and Azari Takami, 2000; Brtek and Cottarelli, 2005; Mura et al., 2005; Al-Sayed and 
Zainal, 2005; Golzari et al., 2009; Atashbar et al., 2012), including Iran (Fig. 2.1). Our 
records increase the number of large branchiopod species in Iran to 14, corresponding to 
about 43% of species known from the Middle East. Out of 11 species recorded in this 
work, four species (Triops granarius, Leptestheria sp, Cyzicus sp, Caenestheriella sp) are 
new to the fauna of Iran and T. granarius is new to the Middle East.  Comparing the results 
obtained in the present study with the findings on distribution of large branchiopods in 
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other countries in the Middle East, Iran rates second after Turkey, although large areas of 
the country still remain unexplored.  
Some of the new observations for Iran are possibly related to the lack of adequate 
sampling or any long-term monitoring study. T. granarius for example has not been 
recorded in Iran before. This early emerging and fast-maturing species is normally found 
very early in the rainy season or after renewed inundations (Seaman et al., 1991). The 
occurrence of Lepidurus apus in Iran was reported for the first time by Atashbar et al. 
(2012). This species was found at very high density in late spring in the same habitat 
(Aigher Goli), located in mountainous area, East Azerbaijan. Triops cancriformis has been 
previously recorded in temporary water bodies near the southern part of Urmia Lake 
(Golzari et al., 2009). Additionally, it was recorded from two new localities near the 
southeastern part of Urmia Lake and also in the northwest of the country. Three species of 
Conchostraca (Leptisteria sp. and Cyzicus sp. from West Azerbaijan and Caenestheriella 
sp. from East Azerbaijan) have been recorded in this study. These could not be identified to 
the species level. Due to plasticity in their morphology a complete taxonomic revision of 
the clam shrimps, incorporating genetic aspects, has been recommended (Hamer and 
Martens, 1998).  
The taxonomic problems of this group are not unique to Iran but are indeed a global 
challenge (see Brendonck et al., 2008). Streptocephalus torvicornis has been previously 
reported from Eal Goli, East Azerbaijan (Brehm, 1954). However, it has disappeared from 
this pool due to the introduction of various ornamental fish species since 2000. Instead, this 
species has been recorded from a number of new habitats located in both East and West 
Azerbaijan. It seems that Phallocryptus spinosa has a wide distribution in the Middle East, 
as it is reported in most of the countries in this region, while Chirocephalus skorikowi and 
Artemia urmiana were reported only from Iran. P. spinosa was previously known in Iran 
from two localities only in Fars and Yazd provinces (Atashbar et al., 2009). Artemia 
parthenogenetica has a wide distribution in saline pools. This study also confirms the 
presence of P. spinosa, Branchinecta orientalis, C. skorikowi and A. parthenogenetica 
reported previously from Iran and reports on a number of new locations, but we could not 
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find Branchipus schaefferi in our study area. This is the first report on the presence of        
Streptocephalus torvicornis, B. orientalis, P. spinosa and Conchostraca (Leptisteria sp. and 
Cyzicus sp.) from West Azerbaijan and of Lepidurus apus and Caenestheriella sp. from 
East Azerbaijan.  
High species affinities occurred between species belonging to different orders, which 
possibly suggests less competition between them. Resource partitioning among species of 
different orders has been advanced as a primary reason why such high affinities and 
coexistence are possible (Brendonck et al., 2008). High salinity seems to be a deciding 
factor for the presence or absence or monopolization of large branchiopods. It was 
observed that A. parthenogenetica and P. spinosa tolerate wide variations in environmental 
parameters (e. g salinity ranges 5-58 gL
-1
). They are halophilic Anostracans that occur in 
shallow brackish, saline and hypersaline waters with scarce vegetation (Mura, 1993). 
Notostracans and Conchostracans occurred only in low salinity temporary pools            
(0.5-3 gL
-1
); therefore, opportunities for coexistence of these species with                            
A. parthenogenetica and P. spinosa are naturally reduced. B. orientalis was observed 
coexisting with C. skorikowi in the Aigher Goli pool. C. skorikowi mostly occupies the 
shorelines substantially covered by plants, whereas B. orientalis prefers deeper more 
central areas of the pool with little vegetation. High affinity is possibly a result of the wide 
distribution of the respective species. For example, A. parthenogenetica, P. spinosa and   
B. orientalis occurred in 13, 17 and 16 pools respectively. 
 Diversity analyses (Shannon-Weiner and Margalef richness indices) showed that 
individual large and medium- size low- salinity pools house more species on average than 
the other pool size and salinity range classes. Low-salinity and surface area showed a 
positive relation with species richness (8-9 species) and density but these two habitat 
variables tend to be positively correlated. The significance of increasing surface area for 
species richness can be attributed to increased colonization rates and decreased extinction 
rates associated with low salinity in the range 0.5-3 gL
-1
. Most studies usually report a 
strong relationship between invertebrate species richness and pool surface area or volume 
(Eitam et al., 2004). A large surface area will increase the opportunities for colonizing 
Chapter 2 
 
36 
 
species to establish themselves in that habitat (Eitam et al., 2004). The greatest evenness 
occurred in the large and low-salinity pools. Small pools are limited in number of species, 
probably due to more intense species-sorting processes and chance colonization events of 
these systems with priority effects. Since species-sorting processes occur in a 
heterogeneous environment where the outcome of local species interactions depends on 
habitat characteristics (Leibold et al., 2004), it is highly likely that competition for space 
(spatial and temporal) and resources can be expected to be intense in small pools. These 
processes could account for their low Shannon-Weiner index and high Margalef Richness. 
In addition, the monopolization hypothesis (De Meester et al., 2002) can also find 
application here as the occurrence of few species per pool could imply failure of colonists 
to establish themselves due to priority effects of resident species in the smaller size and 
high-salinity systems. 
Based on CCA, high conductivity proved to be a consistent factor in the distribution of 
Conchostracans whereas T. cancriformis and L. apus appeared only in pools with low 
conductivity. Conductivity seems to be a deciding factor for the presence or absence of 
large branchiopods. All Notostracans and Conchostracans were collected in pools with 
conductivity in the range 2-7 mS.cm
-1
. Conductivity reaches higher values in saline waters 
to a point limiting Notostracans and Conchostracans. B. orientalis was found in pools with 
conductivity ranges of 2-10 mS.cm
-1 
and P. spinosa and A. parthenogenetica at 2.6-79.8 
mS.cm
-1
. High levels of suspended material were recorded in the biotopes supporting          
S. torvicornis, T. cancriformis, L. apus and Conchostracans. These animals spend most of 
their time on the bottom of the water body filtering nutritious particles, and they can 
frequently be found burrowed in the mud. Total nitrates and chlorophyll a enhance species 
diversity of large branchiopods, resulting in significantly higher values in low-salinity 
water than in brackish and high-salinity water bodies. We observed the highest values of 
salinity and considerably lower primary producers in biotopes supporting P. spinosa and A. 
parthenogenetica. The relation with vegetation cover in the studied sites remains difficult 
to explain. A high vegetation cover perhaps contributes to higher species richness by 
creating refugia for large branchiopods. The significance of vegetation in mitigating 
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predation for aquatic invertebrates is also highlighted in other temporary pool studies 
(Hamer and Appleton, 1991).   
Based on our findings the large Branchiopoda do not appear until the end of February 
depending on the amount of flooding required to fill the biotopes. Temperature was found 
to be an important parameter influencing the time-based appearance of branchiopod 
species. At the beginning of the season, when water temperature during the night is still 
low, only P. spinosa and B. orientalis are found. The other species gradually appear when 
the diurnal temperature fluctuations are not too big. This may be due to species-specific 
adaptation of the branchiopod species to unfavourable environmental conditions and to 
interspecies competition for occupying a common biotope (Morin et al., 1988; Johansson, 
1993). This explains the succession of species in temporary waters (Williams 1983; 
Jeffries 1994), and the seasonal influx of aerial colonizers (Nilsson and Svensson, 1994). 
Climate change and ground-water extraction could potentially affect the hydrology of 
wetlands over large areas (Pyke and Fisher, 2005) and consequently large branchiopod 
distribution. Climatological factors contributing to the formation of temporary pools seem 
to play a very important role in large branchiopod biological diversity. Most Iranian 
provinces important for large branchiopods have been suffering from 15 consecutive years 
of drought. Low rainfall can result in missed breeding opportunities, exhaustion of resting 
egg banks and loss of habitat. However, this study presents updated information on the 
distribution and on the coexistence of various species of large branchiopods in Iran, which 
could contribute primarily for conservational issues when biodiversity is under extreme 
environmental pressure. 
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3.1. Abstract 
The occurrence of Lepidurus apus in Iran is reported for the first time. This species 
was found in Aigher Goli located in the mountains area, East Azerbaijan province (north 
west, Iran). Details on the biogeography, ecology and morphology of this species are 
provided. 
 
3.2. Introduction 
Notostracan records date back to the Carboniferous and possibly to the Devonian 
period (Wallossek, 1993, 1995; Kelber, 1998). In fact, there are Upper Triassic Triops 
fossils from Germany which are almost indistinguishable from the extant T. cancriformis 
(Tröger et al., 1984; Kelber, 1998) and thus Triops is considered to be one of the best 
examples of evolutionary stasis or "living fossils" (Fisher, 1990; King and Hanner, 1998; 
Kleesattle, 2001). The Notostraca exhibit plasticity in external morphology, making the 
demarcation of species on this basis a difficult task (Rogers, 2001). The absence of well-
defined criteria allowed taxonomists to describe many „new species‟ in such a way that the 
nominal species of Triops and Lepidurus amounted to more than 70 in the 1950s 
(Longhurst, 1955; Brendonck et al., 2008). Recently, two new genera, Chenops and 
Jeholops have been described through fossil studies from north-eastern China (Hegna and 
Dong, 2010). 
The most salient distinguishing character between the two genera (Triops and 
Lepidurus) is the large supra-anal plate seen in species of Lepidurus (Rogers, 2001; 
Longhurst, 1955). The world-wide distribution is due to their antiquity, but possibly also to 
their passive transport: geographical barriers are more effective for non-passively 
distributed animals. From an ecological point of view, notostracans, like most 
branchiopods, are restricted to temporary pools (Kerfoot and Lynch, 1987; Longhurst, 
1955). Their ability to adapt to temporary habitats has enabled their drought-resistant eggs 
to become efficient agents of passive dispersal, so that populations occur on remote 
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oceanic islands and are apparently found wherever there are suitable pools (Longhurst, 
1955). 
Brendonck et al. (2008) reported about 500 species of large branchiopods world-wide, 
351species from the Palaearctic zoogeographical region including Iran. The Middle East 
notostracans are represented by four species from two genera and one family: Triops 
granarius from Iraq (Longhurst, 1955), T. cancriformis from Yemen, T. numidicus from 
Saudi Arabia and Oman, L. couesii from Syria (Thiéry, 1996), T. cancriformis and L. apus 
lubbocki from Israel (Kuller and Gasith, 1996).  Lately, T. cancriformis is the only species 
that has been reported from Iranian territory (Golzari et al., 2009).  
L. apus has one of the greatest distribution ranges of any Triops species, being found 
throughout continental Europe, Northern Africa, Asia and Australia (Longhurst 1955). In 
this paper we report for the first time the occurrence of L.apus in Iran by providing its 
morphological characteristics. 
 
3.3. Material and Methods 
3.3.1. Study site 
Aigher Goli is a freshwater pool situated in the highlands of Sahand mountain             
(N 37
°
 46
׳
 E 46
°
 35
׳
) in northwest Iran. It is a plain of 2560 m above sea level, surrounded 
by mountains of varying heights, about 43 km  from Tabriz city at East Azerbaijan 
province, close to the borders of three neighboring countries, Turkey, Armenia and 
Azerbaijan Republic (Fig. 3.1). 
It sets in steppic and cultivated hills with its bottom composed of clay and volcanic stone 
and ashes. The northern air current carrying cold and dry winds arrives in the country from 
heavy pressure centers in Armenia, resulting in very cold winters in this mountainous area. 
This cold northern wind severely affects the upland areas in the northwestern provinces of 
Iran from late October to late March, reducing the temperature to as low as -30°C causing 
heavy snowfalls. Local rainfall (300 mm y
-l
) and melting snow during the spring, 
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continuously supply the pool until early summer. The pool is generally frozen from late 
December, often remaining under deep snow cover throughout the winter. Most of the 
aquatic animals emerge after the long cold period. The pool is dominated by some typical 
algal genera such as Scenedesmus, Nitzschia, Anabaena, Chlorella and Oocystis 
throughout spring. This biotope is important primarily as a breeding area for waterfowl 
including Tadorna tadorna and T. ferruginea. 
 
Figure 3.1. Geographical location of Aigher Gol. 
 
3.3.2. Sampling  
 Lepidurus apus samples were collected from the habitat using a 250 μm mesh 
plankton net three times during April-May 2009. Some individuals were immediately 
transferred into 4% formalin and transferred to the laboratory. Specimens were identified 
using appropriate taxonomic references (Alonso 1985, 1996; Longhurst 1955; Kuller and 
Gasith 1996; Cottarelli and Mura 1983; Thiéry 1987). One hundred adult individuals were 
used for examination of sexuality and only females were found. Twenty five individuals 
were examined for morphometrical characteristics using a stereomicroscope. Main           
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co-existing animals were identified. A number of physical and chemical parameters (pH, 
dissolved oxygen, temperature, conductivity, suspended materials, transparency, surface 
area and average depth) were measured in the field according to standard methods. The 
concentrations of nitrate, phosphate and chlorophyll a were measured in the laboratory    
(see chapter 2).  
 
3.4. Results 
3.4.1. Ecological features of the pool 
The surface area and average depth of this habitat approximates 6 ha and 55 cm 
respectively. This habitat completely dries up during the summer. The presence of 
suspended clay particles (by activities of benthic invertebrates), generates high turbidity in 
the pond (12 cm). Conditions at the pond were studied in detail. The pond is visited by 
livestock and their dung is deposited in the water affecting the water chemistry. The 
morphometric and abiotic characteristics of the pond is presented in table 3.1. L. apus was 
found to co-occur with the anostracan species Branchinecta orientalis Sars 1901, 
Chirocephalus skorikowi Daday 1913, with the Conchostra Caenestheriella sp. Dady, 
1914, Ostracoda and Copepoda. 
 
Table 3.1. Physico-chemical characteristics of the studied pool. 
Variable Value 
Surface area (ha) 6
 
Perimeter (m) 750 
Average depth (cm) 55 
Temperature (°C) 27 
pH 7.9 
Conductivity (mS.cm
-1
) 0.106 
Dissolved oxygen (mgL
-1
) 8.4 
Total nitrate (mgL
-1
) 1 
Total phosphate (mgL
-1
) 0.1 
Chlorophyll a (μgL-1) 9 
Suspended matter (mgL
-1
) 120 
Transparency (cm) 12 
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3.4.2 Morphological characteristics 
The preserved individuals were scored for the characteristics indicated in table 3.2 
(only females). The adult length ranged from 42.50–59.17 mm (average 50.90 mm) from 
anterior margin of carapace to tip of the furca. Nuchal or dorsal organ is located behind the 
eyes, intersected by line drawn between posterior apices of eyes; endites 3,  4 and 5 of the 
second thoracic appendages projecting beyond carapace margin; 26 to 28 body rings, 41 to 
46 pairs of legs; 4-5 apodous rings; caudal lamina may be constricted at base, subquadrate 
in very mature specimens, 0.35 to 0.4 times length of carapace; a median series of spines 
on dorsal view of caudal lamina with few spines bigger compared to others; prominent 
spines on terminal margins of telson; lateral spines on telson; triangular sulcus spines of 
various sizes, generally as long as broad; a rough spine at the end of carina; the carapace 
bears a row of marginal spines tangential to the end of carapace (Fig. 3.2). 
 
       Table 3.2. Morphometric parameters measured in Lepidurus apus ( ±SD standard deviation). 
Characteristics Mean S. D Range 
Total Length (mm) 50.90 4.31 42.50-59.17 
Carapace length (mm) 19.05 1.04 17.17-20.83 
Carina length (mm) 14.32 0.78 12.9-15.65 
Telson length (mm) 1.20 0.04 1.17-1.25 
Telson width (mm) 2.55 0.09 2.33-2.67 
Length of caudal lamina (mm) 5.01 0.20 4.5-5.5 
Eye diameter (mm) 2.57 0.15 2.17-3 
Number of body rings 27.20 0.71 26-28 
Number of apodous rings 4.84 0.44 4-5 
Number of exposed rings 8.60 0.96 7-10 
Number of leg pairs 44.40 1.35 41-46 
Number of spines on caudal lamina 31.00 2.74 27-35 
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Fig. 3.2. a) Adult Lepidurus apus, b) nuchal organ, c) ventral view of the endites of the first and second trunk 
appendages projecting, d) Apodous rings, e) series of spines on caudal lamina, f) telson terminal projections, 
g) row of sulcus spines and carina terminal spine, h) row of spines on carapace margin. 
 
 
3.5. Discussion 
This paper provides some ecological, biogeographical and morphological information 
about Iranian Lepidurus apus. This species was found in Aigher Goli in very high density 
by late spring, co-existing with few freshwater large branchiopods, Ostracods and 
Copepods who have adapted to similar condition. They are found in close competition for 
food; however, most of them continue living until the pool is drying up in summer. 
The pool is geographically isolated and there are no water connections with any other 
aquatic habitat. The colonization of the habitat probably has resulted from dispersal 
through other vectors. Figuerola et al. (2003) and Green and Figuerola (2005) reported on 
dispersal of the diapausing cysts of large branchiopods by wind, water or visiting birds. 
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Having in mind the occurrence of this species at the altitude of 2560 m, we believe that the 
migrating waterfowl, who visit the area annually for breeding, plays a major role in its 
dispersal to such a remote and isolated biotope.   
Large freshwater branchiopods serve as an important source of protein and energy for 
migratory waterfowls (Eriksen and Belk 1999). Many temporary pools occur along the 
Pacific flyway; the use of these pools as resting and feeding grounds by migratory birds is 
well documented (Silveria 1998). It seems that the large branchiopods including L. apus 
existing in the target pond serve as suitable source of food for the visiting birds providing 
the basic ground for their breeding.  
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4.1. Abstract 
The combined effects of temperature and salinity on hatching performance of three 
anostracan species, Phallocryptus spinosa, Branchinecta orientalis and Streptocephalus 
torvicornis from East and West Azerbaijan, Iran, were studied. The cysts were kept for 10 
days at seven different temperatures (12, 15, 18, 21, 24, 27 and 30°C) and four salinity 
conditions (0, 5, 10, and 15 gL
-1
), and the effects of the resulting 28 experimental 
conditions on hatching patterns (duration of pre-hatching period, hatching percentage at 
first day of hatching, cumulative hatching success) were examined. Results were tested by 
ANOVA and multiple regression was applied to generate contour models by polynomial 
equation. The hatching performance in all species was significantly affected by 
temperature and salinity. Based on contour plot analysis, maximum hatching for P. 
spinosa, B. orientalis and S. torvicornis cysts was registered at temperatures 19-25ºC, 18-
23ºC and 16-20ºC, respectively, within the same salinity range of 0-1 gL
-1
. The highest 
cumulative hatching success among the species was observed in P. spinosa at the 
combination of 24°C and 0 gL
-1
 (88. 98%). No hatching was observed for eggs of S. 
torvicornis and B. orientalis incubated at lower (<15ºC) and higher (>27ºC) temperature, 
respectively. The pre-hatching period was prolonged with increase in salinity and decrease 
in temperature and was highest in P. spinosa (7.7 days at 12°C and 15 gL
-1
 salinity). High 
hatching success was observed over wide ranges of temperature and salinity in P. spinosa 
eggs which demonstrates one of the mechanisms responsible for the wide distribution of 
this species. 
 
4.2. Introduction 
Fairy shrimp (Branchiopoda: Anostraca) are often the most conspicuous invertebrates 
associated with the temporary aquatic habitats that are typically characterized by variation 
in timing, frequency and duration of inundations; a number of variables that together shape 
the hydrological regime (i.e., hydroregime) of the habitat (Hulsmans et al., 2008). Like 
many other diapausing crustaceans, anostracans produce encysted embryos that can remain 
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viable in the sediments for years (Marcus, 1996), providing a significant source of 
recruitment to the water column (Viitasalo, 1992) and of "dispersal in time" (Hairston and 
Cáceres, 1996). For most of the year, anostracan cysts are far more accessible than the 
corresponding adult or juvenile forms due to the much longer dry season when compared 
to the length of the inundated phase (Simovich and Hathaway, 1997). 
The distribution of large branchiopods is affected by their drought-resistant cysts, 
which are efficient agents of passive dispersal, so that populations occur on remote islands, 
and are apparently found wherever there are suitable habitats (Longhurst, 1955). The 
diapausing cysts may be dispersed by wind, water or birds, which regularly visit seasonal 
water bodies (Proctor, 1964, Proctor et al., 1967, Figuerola et al., 2003; Green and 
Figuerola, 2005; Green et al., 2005). Furthermore the extremely sticky eggs could also 
disperse presumably by adhering to land animals (Longhurst, 1955; Frank, 1988; Gottwald 
and Eder, 1999; Bohonak and Roderick, 2001; Coulson et al., 2002). 
Dormancy ends when the appropriate environmental cues (e.g. light, temperature) 
occur with hydration (Brendonck et al., 1996; Brendonck, 1996; Hathaway and Simovich, 
1996; Brendonck et al., 1998). A certain fraction of the eggs resumes metabolism when 
favourable environmental conditions are restored, while others remain paused until one or 
more seasonal cycles have passed. This observed delay in cyst hatching is supposed to be 
an adaptation to overcome unpredictable seasonal changes that could be fatal for the adult 
life phase. In this sense, the existence of a marked inter- and intraspecific variation 
observed in the hatching pattern of fairy shrimps (Merta, 2003; Zarattini, 2004; Zarattini 
and Mura, 2007) has provided evidence that a different cyst reactiveness exists, and this is 
related to the degree of environmental unpredictability (Belk and Cole, 1975).  
Little is known regarding the environmental conditions present in temporary ponds 
that may stimulate hatching of resting eggs. Some variables, such as temperature 
(Brendonck et al., 1998) and salinity level (Nielsen et al., 2003) have been suggested as 
hatching cues for temporary pool invertebrates. The influence of temperature and salinity 
levels on hatching of resting eggs has been studied in zooplankton such as Artemia 
(Sorgeloos et al, 1980; Abatzopoulos et al., 2003), copepods (Grice and Marcus, 1981; 
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Hansen et al., 2010) and rotifers (Lubzens et al., 1980; Pourriot and Snell, 1983; Garcia-
Roger, 2006). However, high variability in hatching behavior and lack of ecological 
background information of the test species make it difficult to generalize or to correlate 
hatching characteristics with environmental conditions (Bond, 1934).  
Three fairy shrimp species, Phallocryptus spinosa Milne Edwards, 1840, 
Branchinecta orientalis G. O. Sars 1901 and Streptocephalus torvicornis Waga, 1842 
(Mura and Azari Takami, 2000; Mehdizadeh Fanid et al., 2007) live in temporary wetlands 
whose hydroregime patterns are extremely unpredictable and which often fill in the early 
spring and dry in the summer time. P. spinosa occurs in fresh, brackish to saline waters, 
while B. orientalis and S. torvicornis a re found in fresh to brackish water pools. Field 
studies (personal observation) demonstrate that in P. spinosa and S. torvicornis cysts hatch 
through mid-spring and adult fairy shrimps may persist into the summer but are usually 
hard to find after July. In contrast, hatching of B. orientalis occurs through the late winter 
from March to May and the adults usually start disappearing from the ponds in early May.  
There are no literature data available on the reproductive characteristics and hatching 
performances of Iranian P. spinosa, B. orientalis, and S. torvicornis. Hence, our 
experiment aimed to test the impact of critical environmental factors such as salinity and 
water temperature, on the hatching characteristics of these species of fairy shrimps. 
 
4.3. Material and methods 
4.3.1. Study sites 
Diapausing eggs of the anostracan species S. torvicornis, P. spinosa and B. orientalis 
were collected from the sediments of three water bodies located in the northwestern region 
of Iran (East and West Azerbaijan) (Fig. 4.1). All these habitats had been previously 
identified through live animal samplings performed during the wet period. Each locality 
was visited 4-5 times during April–May. Length and width of each pool were measured to 
estimate surface area as the surface area of an ellipse. Temperature was measured using 
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sensors (CRISON MM40). A hand refractometer (ATAGO) was used to measure salinity. 
During the desiccation process, water salinity increased up to hypersaline levels as high as 
40-60 gL
-1
 in different biotopes. Altitude and coordinates were measured using a portable 
GPS (GARMIN, USA) (Tab. 4.1). 
 
 
Figure 4.1. Location of sampling sites in East Azerbaijan (Akh Gol: AKH; Zanbil: ZAN) and West 
Azerbijan (Gom Tapa: GOM) . 
 
 
Table 4.1. Location and characteristics of sampling sites in the study area during April-May. Temperature 
(Tem), Salinity (Salin), Surface area (Surf). 
Species Locality Code Coordinates Tem Salin Altitude Surf 
   N E ºC gL
-1
 m.a.s.l m
2
 
         
B. orientalis 
 
Akh Gol 
(East Azerbaijan) 
AKH 39° 33' 44° 44' 21-27 1-2 800 60000 
P. spinosa 
 
Zanbil 
West Azerbaijan)) 
ZAN 37° 44' 45° 15' 14-28 3-30 1300 25037 
S. torvicornis 
 
Gom Tapa 
(East Azerbaijan) 
GOT 38° 13' 46° 02' 22-26 0-1 1297 2100 
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4.3.2. Hatching experiments 
The soil containing cysts of anostracans was collected in August after complete drying 
out of the habitat. The soil samples were transferred into a 300-L tank filled with tap water 
and subsequently washed over 500 and 150 μm sieves to collect the eggs. The separated 
dormant eggs were dried at 37°C in an incubator (Munuswamy et al., 2009) and kept in a 
refrigerator at 4°C for one month (Atashbar et al., 2012). 
Hatching fractions were compared in a multifactorial design at seven temperatures 
(accuracy ±0.1°C)(12, 15, 18, 21, 24, 27 and 30°C) and four salinity conditions      
(accuracy ±1 gL
-1
) (0, 5, 10, and 15 gL
-1
; prepared by dissolving Urmia Lake salt in 
dechlorinated tap water under constant fluorescent light (Atashbar et al., 2012). The choice 
of these salinity levels was inspired by the salinity registered after inundation of the 
habitats. The selected temperatures were based on field records collected when the first 
stages of the fairy shrimps were observed in the pools. Hatching under experimental 
temperatures was performed in six replicates of 30 dormant eggs each, incubated in multi-
well (10 mL) plastic trays for a period of 10 days (Hulsmans et al., 2006, Atashbar et al., 
2012). The numbers of hatched nauplii were counted, expressed as percentage, and they 
were removed from the hatching trays daily. Dormant eggs that remained unhatched at the 
end of the experiment were tested for their viability by checking for the presence of a 
yolky embryo according to the method described by Van Stappen (1996). Hatching 
performance was corrected based on the number of empty eggs found in each sample (Van 
Stappen, 1996). 
 
4.3.3. Statistical analysis  
Temperature and salinity effects on dependent variables (pre-hatching period, 
hatching percentage at the first day, and cumulative hatching percentage on day 10) were 
tested by 2-way factorial ANOVA (followed by Tukey test (p < 0.05), in order to 
determine the differences between the treatments. For all dependent variables expressed as 
percentages the assumption of normal distribution within groups was fulfilled 
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(Kolmogorov–Smirnov test for normality) and Levene's test was used to assess of the 
homogeneity of variances. Regression coefficients were used in the polynomial expression 
to generate a surface response contour: 
Z (HCUM%) = b0 + b1 (T) + b2(S) + b3 (T
2
) + b4 (S
2
) + b5 (T x S) 
where Z (HCUM%) is the surface response of the cumulative hatching percentage, T is 
temperature, S is salinity, b0 is the multiple regression constant, b1 and b2 are the linear 
effects of temperature and salinity, b3 and b4 are the quadratic effects, and b5 is the 
intersection effect. Results were analyzed using the software package Statistica 10 (Stat 
Soft, Inc., Tulsa, Oklahoma, USA). 
 
4.4. Results 
4.4.1. Day of first hatching 
An overall significant effect of temperature and salinity on pre-hatching period was 
observed, as well as a significant interaction effect, for B. orientalis, P. spinosa and S. 
torvicornis (ANOVA, p < 0.001) (Tab. 4.2).  
Table 4.2. ANOVA analyses testing the effects of temperature and salinity on pre-hatching period.  
Species Source of variation 
Degrees of 
freedom 
Mean sum of 
squares 
F 
value 
P 
value 
B. orientalis Temperature 6 41.80
 
53.20
 
p < 0.001 
 Salinity 3 22.50 17.09 p < 0.001 
 Temperature x Salinity 18 13.43 16.76 p < 0.001 
      
P. spinosa Temperature 6 82.62 147.2 p < 0.001 
 Salinity 3 16.85 30.78 p < 0.001 
 Temperature x Salinity 18 0.640 1.168 p < 0.001 
      
S. torvicornis Temperature 6 5.90 43.10 p < 0.001 
 Salinity 3 32.91 240.39 p < 0.001 
 Temperature x Salinity 18 2.76 20. 14 p < 0.001 
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The pre-hatching period of the three mentioned species is illustrated in figure 4.2. In 
B. orientalis hatching started quickest at 27°C and at salinity 0 gL
-1
 (1.56±0.20 days after 
inundation) and was slowest to start at the combination of 15°C and 10 gL
-1
 (5.51±1.00 
days after inundation). In general, no hatching occurred at all at 30°C. No hatching was 
detected at the highest salinity tested (15 gL
-1
) in combination with lower and higher 
temperature conditions (12, 15 and 27, 30°C). In P. spinosa the pre-hatching period ranged 
from 1 day after inundation at 30±0.1°C and 0 gL
-1
, to 7.72±1.52 days for the combination 
12°C and 15 gL
-1
. In S. torvicornis no hatching was observed at salinity higher than 5 gL
-1
 
and also at 12°C. Hatching in this species started 1 day after inundation in most of the 
treatments and was slowest at 15°C at salinities 0 (2.33±0.40) and 5 gL
-1
 (4.13±1.41) 
(Tukey, p < 0.05). 
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Figure 4.2. The mean (±SD standard deviation) pre-hatching period at different temperatures  
and salinities for the three studied species (PS: Phallocryptus spinosa, BO: Branchinecta  
orientalis and ST: Streptocephalus torvicornis) (n = 6). 
 
 
 
4.4.2. Hatching percentage at first day of hatching 
An overall significant effect of temperature and salinity on hatching percentage at the 
first day of hatching was observed, as well as a significant interaction between both factors 
for all species (ANOVA, p < 0.001, Tab. 4.3). In B. orientalis the initial hatching fraction 
was higher at 21°C and 0 gL
-1
 (56.28±19.41%) compared to all others and was lowest at 
27°C and 10 gL
-1
 (2.32±3.62%). No hatching was observed at 30°C in combination with 
all salinity levels. No hatching at the first day of incubation was observed also at 12°C, 
15°C and 27°C in combination with 15 gL
-1
. In P. spinosa it was highest at 27°C and         
0 gL
-1
 (70.31±19.08%) and lowest at 30°C and 15 gL
-1
 (0.50±1.45%). In S. torvicornis the 
initial hatching fraction was higher at 18°C and 0 gL
-1
 (48.70±20.43%) than in the other 
conditions and lowest at 30°C and 5 gL
-1
 (7.46±5.38%). In the latter species no hatching 
was observed at salinities of 10 and 15 gL
-1
 (Fig. 4.3). 
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Table 4.3. ANOVA analyses testing the effects of temperature and salinity on hatching percentage at first 
day of hatching.  
Species Source of variation 
Degrees of 
freedom 
Mean sum of 
squares 
F 
value 
P 
value 
B. orientalis Temperature 6 1352.45
 
11.36
 
p < 0.001 
 Salinity 3 5912.68 49.69 p < 0.001 
 Temperature x Salinity 18 531.45 4.47 p < 0.001 
      
P. spinosa Temperature 6 3790.25 13.63 p < 0.001 
 Salinity 3 7667.84 27.58 p < 0.001 
 Temperature x Salinity 18 789.16 2.83 p < 0.001 
      
S. torvicornis Temperature 6 704.92 12.37 p < 0.001 
 Salinity 3 8778.84 154.13 p < 0.001 
 Temperature x Salinity 18 458.85 8.04 p < 0.001 
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Figure 4.3. The mean (±SD standard deviation) hatching percentage at the first day of  
hatching at different temperatures and salinities for three species (BO: Branchinecta  
orientalis, PS: Phallocryptus spinosa, and ST: Streptocephalus torvicornis) (n = 6). 
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4.4.3. Cumulative hatching percentage 
Overall the analysis of variance for cumulative hatching percentage produced a fully 
significant matrix for species, factors and their interaction (p < 0.001) (Tab. 4.4). In           
B. orientalis cumulative hatching was highest at the combination of 21°C and 0 gL
-1
 
(79.70±12.47%) and lowest at 24°C and 15 gL
-1
 (1.67±4.08%). No hatching occurred at 
30°C at any salinity. The multiple comparisons test showed a significant difference 
between 18°C and all other treatment groups based on observed means. Significant 
differences were also seen within the salinity groups (Tukey, p < 0.05). For P. spinosa the 
cumulative hatching percentage was highest at the combination of 24°C and 0 gL
-1
 
(88.98±22.50%) and lowest at 30°C and 15 gL
-1
 (0.59±1.46%) compared to the other 
treatments. The mean differences were significant within the salinity levels (Tukey,            
p < 0.05). In S. torvicornis, finally, it was higher at 18°C and 0 gL
-1
 (67.07±14.18%) and 
lower at 30°C and 5 gL
-1
 (7.46±5.44%) compared to the other treatments (Tukey, p < 
0.05). 
Table 4.4. ANOVA analyses testing the effects of temperature and salinity on cumulative hatching 
percentage on day 10.  
Species Source of variation 
Degrees of 
freedom 
Mean sum of 
squares 
F 
value 
P 
value 
B. orientalis Temperature 6 1352.45
 
11.36
 
p < 0.001 
 Salinity 3 5912.68 49.69 p < 0.001 
 Temperature x Salinity 18 531.45 4.47 p < 0.001 
      
P. spinosa Temperature 6 3790.25 13.63 p < 0.001 
 Salinity 3 7667.84 27.58 p < 0.001 
 Temperature x Salinity 18 789.16 2.83 p < 0.001 
      
S. torvicornis Temperature 6 704.92 12.37 p < 0.001 
 Salinity 3 8778.84 154.13 p < 0.001 
 Temperature x Salinity 18 458.85 8.04 p < 0.001 
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The multiple comparisons test displayed that the mean differences within the salinity 
groups were significant (Tukey, p < 0.05). In the latter species no hatching was observed 
at salinities 10 and 15 gL
-1
 (Fig. 4.4).    
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Figure 4.4. The mean (±SD standard deviation) cumulative hatching percentage at  
different temperatures and salinity for three species (BO: Branchinecta orientalis,  
PS: Phallocryptus spinosa and ST: Streptocephalus torvicornis) (n = 6). 
 
 
The cumulative hatching percentage after 10 days of incubation of all species under 
the experimental conditions indicated that the linear and quadratic effects of the interaction 
of temperature and salinity were important factors influencing hatching percentage of 
these anostracan species. Contour analysis defined clear optimal combinations of 
temperature and salinity for the hatching of the studied species (Fig. 4.5). The optimal 
level of both temperature and salinity for hatching success of P. spinosa, B. orientalis and 
S. torvicornis were 19-25ºC, 18-23ºC and 16-20ºC, respectively, combined with a salinity 
range of 0-1 gL
-1
 for the three species. 
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Figure 4.5. Response surface estimation of cumulative hatching percentage (contour lines)  
of three  species of anostraca after 10 days of inundation at different experimental  
temperature and salinity combinations.  
 
 
4.5. Discussion 
Our results showed that hatching was more successful at lower salinities and that an 
increase in salinity had a negative effect on the cumulative hatching and on the initial 
hatching fraction of the fairy shrimp species being studied. This finding is supported by 
constant observation of the hatching process in nature which mostly took place when water 
salinity dropped to near zero by the heavy rainfall. Negative responses of freshwater 
invertebrates to salinity are reported for various species of anostraca, copepods and 
cladocerans (Timms and Sanders, 2002; Brock et al., 2005; Pinder et al., 2005; Waterkeyn 
et al, 2010). Also the importance of temperature for anostracan egg hatching has been 
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demonstrated by several authors (Belk and Cole, 1975; Horne, 1967; Hathaway and 
Simovich, 1996). In Artemia hatching occurs within certain temperature limits (15-37°C) 
(Vanhaecke et al., 1984; Vanhaecke and Sorgeloos, 1989; Triantaphyllidis et al., 1994). 
However, the role of salinity appears to complicate the temperature effect.  When Artemia 
eggs are exposed to different stressors, such as salinity and temperature, for a relatively 
long period, the combined effect of the two stressors may be negative (Vanhaecke and 
Sorgeloos, 1989). Temperature tolerance in Artemia (in the range 25-37ºC) was clearly 
affected by salinity, though differences between Artemia species were observed. 
All three species showed a significant temperature-salinity interaction effect for the 
duration of the pre-hatching period and for the hatching percentage at first hatching. Based 
on contour plot analysis maximum predicted hatching for Phallocryptus spinosa, 
Branchinecta orientalis and Streptocephalus torvicornis occurred at temperature ranges 
19-25ºC, 18-23ºC and 16-20ºC respectively, at the salinity range of 0-1 gL
-1
. 
Comprehensive information is available on the specific temperature range or regime for 
optimal hatching performance of various anostracan species; for some species the range is 
as narrow as about 1°C (e.g. Branchinecta lindahli Packard 1883, Branchinecta paludosa 
O.F. Müller, 1788, S. dichotomus Baird, 1860 and S. seali Ryder, 1879) while for others it 
is broader, up to 5°C (e.g. Branchinecta packardi Pearse 1912, Streptocephalus dorothae J. 
G. Mackin, 1942, Streptocephalus mackini W.G. Moore, 1966, Streptocephalus macrourus 
Daday, 1908) (Brendonck,1996). 
However, we also found that P. spinosa was able to hatch at wider ranges of 
temperature and salinity compared to the other two species. Although the optimum 
temperatures and salinities usually can be estimated from the raw data, the statistical 
technique (surface response contour) used in this study allows to define and interpret the 
hatching response of fairy shrimps to a matrix of environmental factors and to determine 
whether the responses are different for tested organisms. In the present study, the optimal 
temperature and salinity for maximum hatching of P. spinosa eggs was 24°C and 0 gL
-1
 
(up to 88 %) and the initial hatching fraction was about 70% at this salinity and 27°C. Our 
findings were different from results obtained by Hulsmans et al. (2006) on P. spinosa from 
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Sua Pan in Botswana, who reported highest cumulative hatching percentage (up to 85%) at 
22°C at a salinity of 5 gL
-1
 with an initial hatching fraction of about 30% at this salinity. 
However, Dararat et al. (2011) obtained almost similar results in Branchinella 
thailandensis Sanoamuang, Saengphan and Murugan 2002, compared to our findings. 
They reported the highest hatching percentage (up to 87%) after 7 days of incubation at 
24-26°C and 0 gL
-1
, 75% of which occurred in the first day. The pre-hatching period in our 
study ranged from 1 day at 30 °C and 0 gL
-1
, to 5.5 days at 12-15°C and 10 gL
-1
. The 
hatching was slowest to start at the combination of the lowest temperature (12°C) and 
highest salinity (15 gL
-1
). A similar performance has been reported for the specimens from 
Botswana, ranging from 1.0 day after inundation at 32°C and 0 gL
-1
, to 6.4 days at 14°C 
and 10 gL
-1
. Intraspecific variation in the hatching pattern of fairy shrimps is also reported 
by a number of other researchers confirming the above findings on P. spinosa (see review 
in Brendonck, 1996; Simovich and Hathaway, 1997; Van Dooren and Brendonck, 1998; 
Brendonck and Riddoch, 2001). However, it should be taken into account that recent data 
(Ketmaier et al., 2008, Alonso and Ventura, 2013, Ketmaier et al., 2013) suggest that P. 
spinosa is not monophyletic. Therefore further studies may be required to confirm if 
differences in hatching patterns are indeed due to intraspecific variation or if they are 
phylogenetic differences. 
In the same sense, S. torvicornis can be compared with other species of the genus 
Streptocephalus (S. purcelli G.O. Sars, 1898; S. sirindhornae Sanoamuang, Murugan, 
Weekers and Dumont 2000; S. siamensis Sanoamuang and Saengphan 2006). In our study, 
the highest hatching in S. torvicornis (up to 67 %) was detected at 18°C and 0 gL
-1
. These 
findings are quite different from the hatching characteristics of S. purcelli (75% and 32%) 
at 13°C and 0 gL
-1
 from a South African rock-pool and mud-pool, respectively (De Roeck 
et al. 2010). Results obtained by Dararat (2011) on hatching characteristics of S. 
sirindhornae and S. siamensis (64% and 50%, respectively, at 24-26°C and 0 gL
-1
) show a 
pattern of hatching characteristics different from earlier studies. In the current study the 
eggs of S. torvicornis hatched within 1.7 days after inundation at 18°C and 0 gL
-1
, but at 
higher temperatures (21-30°C) hatching started earlier (immediately after day 1) at the 
same salinity. In contrast to our findings, hatching in S. purcelli from a rock-pool and a 
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mud-pool started 1 and 2 days, respectively, after inundation at 13°C and 0 gL
-1
(De Roeck 
et al., 2010) and started 1 day after inundation at 24-26°C and 0 gL
-1
 in both S. 
sirindhornae and S. siamensis (Dararat et al., 2011).  
In all the species tested the duration of the pre-hatching period was directly 
proportional to salinity and inversely proportional to temperature. The hatching process 
continued during the following 10 days, especially under low salinity conditions, 
supporting the findings of Brendonck (1996) and Brown and Carpelan (1971) on hatching 
strategy. In many species, hatching extends over several days or even weeks even under 
favourable conditions. The highest peak, however, is generally on the first or second day 
of hatching (Brendonck, 1996). Bet-hedging is a strategy employed by many inhabitants of 
temporary waters, and ensures that not all juveniles emerge before the hydroperiod has 
become properly established (Williams, 2006). The hatching fraction is expected to be 
adjusted to the probability of successful completion of the life cycle before drying of the 
pans (Ellner, 1985; Mura 2004; Hulsmans et al., 2006; Dararat, 2011). Several studies 
have demonstrated the spreading of the risk of a demographic catastrophe by partial 
delayed hatching of the anostracan egg bank (Simovich and Hathaway, 1997, Brendonck 
et al. 1998; Mura and Zarattini, 1999). At each inundation, only part of the egg bank 
hatches, while the rest serves as a buffer in case insufficient hydroperiod remains to 
complete the life cycle. The variability in hatching response even occurs in single broods 
and can, therefore, be considered as a diversified bet-hedging strategy (Simovich and 
Hathaway, 1997; Van Dooren and Brendonck, 1998).  
Combining anostracan hatching conditions with climatic data can explain the 
phenology of anostracans in this study area. Based on our field observations the fairy 
shrimps do not appear until the end of February depending on the average temperature and 
the amount of flooding required to fill the biotopes and to decrease salinity levels. In most 
cases temperature was found to be an important parameter influencing the appearance of 
anostracans. At the beginning of the spring when the air temperature reaches up to 12ºC, 
only B. orientalis is found. P. spinosa gradually appears in April when the average 
temperature rises above 12-14ºC. S. torvicornis occurs in the field when the temperature is 
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over 15ºC at the end of May (own observations). Temperature drops again to optimal 
ranges required for hatching in September-October, but recruitment fails in this period 
most likely due to high water salinity. These findings are in agreement with our laboratory 
results and explain the specific performance of each species with reference to the effect of 
salinity and temperature. 
We may conclude that P. spinosa is more tolerant to high temperature and salinity 
levels than the other species. However there was not so much difference between the 
species in tolerance for low temperature and salinity. This study also showed that salinity 
is a more important parameter than temperature, as it affects the hatching rate of all 
species. It should be noted that both East and West Azerbaijan and especially the Lake 
Urmia region are suffering from drought since 1998, as a result of which over 80% of 
Lake Urmia has dried and salt storms have caused salinization of the surrounding areas 
including the anostracans habitats. Most of the pools inhabited by fairy shrimps are located 
in the vicinity of Lake Urmia and are naturally affected by soil salinity in varying degrees. 
This along with incomplete filling of the pools is likely to result in high water salinity. 
Moreover, climate change in this region has resulted in an increase of temperature by           
1.5 ºC compared to long-term temperature records, causing a further increase in salinity as 
a result of higher evaporation levels (Masoodian, 2004). Therefore, it seems that 
increasing salinity has been acting as an inhibiting factor on hatching performance of the 
anostracans living in this area.  
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5.1. Abstract 
Branchinecta orientalis G. O. Sars, 1901 is a common inhabitant of seasonal water 
catchments in the northwest of Iran. Hatching, growth, survival, and reproductive 
characteristics of this species were studied at different temperatures in the laboratory. The 
Cumulative Hatching Success was significantly higher for specimens cultured at 21°C 
(85.27±12.21%) compared to those hatched at 12, 15 and 27°C (p < 0.05). Hatching 
started on the same day (1.56±0.20 days after inundation) at temperatures of 21, 24 and 
27°C), whereas this took more time at lower temperatures, slowest at 12°C (5.51±1.00 
after inundation). The initial hatching fraction was the highest at 21°C (44.60±18.69%) and 
lowest at 12°C (9.10 ±8.28%). Total length was significantly longer at high temperatures, 
12.38±0.71 mm at 27°C, compared to 4.07±0.42 mm at 12°C on day 15. Nevertheless, 
contrasting results were obtained for survival, being the lowest at 27°C (22±4.00%) and 
highest at 12°C (93.07±2.08%) on day 15 of growth. The animals reached sexual maturity 
significantly faster at 27°C (9.38±1.09 days) compared to all other treatments. A 
significantly longer life span was detected at 12 and 15°C (63 days), and a higher cyst 
production at 18°C, compared to other experimental conditions (p < 0.05). 
 
5.2. Introduction 
Anostracans (Crustacea, Branchiopoda), commonly known as fairy shrimps, are often 
the dominant fauna in the early successive stages of ephemeral freshwater pools (Ebert and 
Balko, 1984; Eng et al., 1990). Many fairy shrimp species have specific habitat 
requirements for parameters such as temperature and pH (Eriksen and Belk, 1999). Several 
researchers have studied the population dynamics of fairy shrimps under varying 
environmental conditions (Ali and Brendonck, 1995; Ali and Dumont, 1995; Mura and 
Dowgiallo, 1996; Mura, 1997; Hulsmans et al., 2006). There are only a few studies that 
have dealt with the complete life cycle of the fairy shrimps. Beladjal et al. (2003a) 
compared the life cycle of two sympatric North African species, Branchipus schaefferi 
Fischer, 1834, and Streptocephalus torvicornis Waga, 1942. They also described the life 
history of Tanymastigites perrieri Daday, 1910, in relation to temperature (Beladjal et al., 
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2003b). Lake (1969) studied the growth, longevity and egg production in Chirocephalus 
diaphanus Prevost, 1803, from England. Daborn (1977) studied the life history of 
Branchinecta gigas Lynch, 1937, and Branchinecta mackini Dexter, 1956, Eubranchipus 
bundyi Forbes, 1876 from Alberta, Canada. Holtz (2001) examined some life history 
parameters including growth, life span, survivorship and fecundity (clutch size and lifetime 
cyst production) in Branchinecta sandiegonensis Fugate, 1993.  
Previous studies on large branchiopods in Iran reported seven species including 
Artemia urmiana Günther (1899), Artemia parthenogenetica (cf. Agh and Noori, 1997),   
Streptocephalus auritus Waga, 1842 and Branchipus schaefferi Fischer, 1834 (cf. Brehm, 
1954), and Chirocephalus skorikowi Daday, 1913; Branchinecta orientalis G. O. Sars, 
1901 and Phallocryptus spinosa (Milne Edwards, 1840) (cf. Mura and Azari Takami, 
2000). B. orientalis appears as a Mongolian steppe element, extending from Mongolia to 
Iran through Tibet, Pamir, Alaya Valley and Afghanistan (Manca and Mura, 1997). It has a 
diverse distribution within saline (less than 4%) temporary waters in lowlands or at high 
altitude (Brtek, 1967; Petkovski, 1991). B. orientalis is a typical inhabitant of fragmented 
fresh and brackish water inWest Azerbaijan (Atashbar, pers. obs.) and East Azerbaijan 
(Mura and Takami, 2000). The aims of this work are to study the hatching characteristics 
of diapausing eggs of B. orientalis, and life history information, particularly on growth, 
survival, and reproduction under different temperature regimes by simulating its natural 
environmental conditions occurring in different areas in Azerbaijan, northwest of Iran.  
 
5.3. Material and Methods 
5.3.1. Hatching experiments 
Khaslou is a small pool located in the northeast of Urmia Lake (37°49N 45°50E), 
1297 m above sea level in East Azerbaijan. The maximum surface and depth of this pool 
are about 400 m
2
 and 40 cm, respectively. The soil containing cysts of Branchinecta 
orientalis was collected in August after complete drying out of the habitat. The soil 
samples were transferred into a 300-l tank filled with tap water and subsequently washed 
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over 500 and 150 μm sieves. The separated dormant eggs were dried and kept in a 
refrigerator at 4°C.  
Dehydrated cysts were hatched using tap water (EC: 0.265 mS.cm
−1
, pH: 8.2) at six 
temperatures (accuracy ±0.1°C) (12, 15, 18, 21, 24 and 27°C) under constant fluorescent 
light (Hulsmans et al., 2006). The colder temperature regimes simulated early spring 
weather, and the warmer temperature regimes simulated late spring temperatures. Hatching 
under experimental temperatures was performed in six replicates of 30 dormant eggs each, 
incubated in multi well (10 ml) plastic trays for a period of 10 days. The numbers of 
hatched nauplii were counted and were removed from the hatching trays daily. Dormant 
eggs that remained unhatched at the end of the experiment were tested for their viability by 
testing for the presence of a yolky embryo according to the method described by Van 
Stappen (1996). Results were analysed using SPSS version 15.5. One-way ANOVA was 
used to test the mean of different variables: day of first hatching, hatching percentage at the 
first day of hatching and cumulative hatching percentage on day 10. 
 
5.3.2. Culture conditions 
One hundred newly hatched nauplii were transferred to each of the 2-liter cylindrical 
bowls containing 1-liter tap water in six temperature treatments (12, 15, 18, 21, 24 and 
27°C) (accuracy ±0.5°C) with six replicates for each treatment. Thirty percent of the 
culture water was renewed every alternate day. The animals in the culture bowls were kept 
under mild aeration and fed unicellular algae (Scenedesmus sp.) at a concentration of 10 
000 cells ml
−1
 daily (Mura et al., 1998). At sexual maturity (indicated by the coupling 
activities of males and the growth of egg sacs in females) 20 couples of pair-mated shrimps 
from each treatment were transferred into smaller plastic bowls containing 300-mL aerated 
tap water and were fed at a daily rate of a few drops of algal suspension containing 
approximately 5 × 10
5
 cells mL
-1
 (Beladjal et al., 2003a, b). Isolated cultures of couples 
continued as long as the females were alive. If the male died earlier, the female received 
another male from the corresponding stock culture. The culture vessels were checked every 
three days for the production of cysts, which were counted and recorded separately. Finally 
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the reproductive characteristics (number of clutches, total number of offspring, clutch size, 
offspring per day during the reproductive period) and the life span characteristics 
(prereproductive period, reproductive period and life span) were determined for each 
population according to Browne et al. (1984, 1988). The results were statistically analysed 
using SPSS (version 15.5) analysis of variance (one-way ANOVA) (Triantaphyllidis et al., 
1995; Sokal and Rohlf, 2012) and the averages were compared using the post-hoc Duncan 
test. 
 
5.3.3. Determination of survival and growth 
Survival and total length were determined on days 1, 3, 9, 15, 21, 27, 33, 39, 45, 51 
and 57. For determining growth, three animals from each replicate as long as they were 
immature (18 animals for each treatment) and two pairs of mature animals after adulthood 
(12 mails and 12 females per treatment) were measured from the most anterior part of the 
head to the last abdominal segment (telson) using a light microscope equipped with a 
phototube and micrometer. Drawings were later digitized using a digitizer (Summa Sketch 
TM III) connected to a computer. The cysts produced by the animals under different 
experimental conditions were characterized based on their diameter and chorion thickness 
(Sorgeloos, 1997). Three hundred hydrated cysts from each treatment fixed overnight in 
1% Lugol were measured using a light microscope with an eyepiece equipped with a 
graticule (Sorgeloos, 1997). Three hundred decapsulated cysts (Sorgeloos et al., 1986), 
fixed in Lugol for 3-5 min were also measured to determine the chorion thickness and the 
diameter of decapsulated cysts. 
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5.4. Result 
5.4.1. Hatching 
Hatching capacities of the Branchinecta orientalis cysts at different temperatures are 
summarized in table 5.1. Cumulative hatching success was significantly  higher at 21°C 
(85.27±12.21%) compared to the cysts hatched at 12°C (9.10±8.28%), 15°C 
(16.70±6.64%) and 27°C (16.70±14.39%) (p < 0.05, ANOVA). The initial hatching 
fraction was highest at 21°C (44.60±18.70%) and lowest at 12°C (9.10±8.28%). The 
hatching started on the same day (48.00 h after inundation) at temperatures 21, 24, 27°C. 
However, the cysts started to hatch after 54.00±0.50 h at 18°C and very late at 12°C 
(125.00±0.58 h after inundation). 
 
Table 5.1. Hatching characteristics of Branchinecta orientalis at different temperature regimes (±SD 
standard deviation). Dependent variables are day of first hatching, hatching percentage (H%) at the first day 
of hatching and cumulative (Cum) hatching percentage within 10 days. Values in each column that share the 
same superscripts are not significantly different. ANOVA test (p < 0.05). 
Temperature (°C) Day of 1
st
 hatching H% first day Cum H% during 10 days 
12 5.33±0.58
a
 9.10±8.28
a
 9.10±8.28
a
 
15 3.33±0.58
b
 14.23±9.39
a
 53.83±6.64
b
 
18 2.33±0.58
bc
 20.47±15.50
a
 64.40±9.40
bc
 
21 2.00±0.00
c
 44.60±18.69
b
 85.27±12.21
c
 
24 2.00±0.00
c
 43.30±10.06
b
 57.63±9.88
bc
 
27 2.00±0.00
c
 16.70±14.39
a
 16.70±14.39
a
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5.4.2. Survival 
The results indicated that survival declines in Branchinecta orientalis when 
temperature increases. Significantly higher survival was at temperatures below 15°C 
compared to those reared at higher temperatures (18-27°C) (Tab. 5.2, Fig. 5.1, ANOVA,   
p < 0.05), minimum survival was observed at 27°C. All animals died by day 21 at 27°C, 
while survivorship was over 80% at 12-18°C. Significantly longer life spans (over two 
months) were detected at 12 and 15°C compared to those reared at higher experimental 
temperatures. 
 
Table 5.2. Survival of Branchinecta orientalis at different temperature regimes (±SD standard deviation). 
Values in each row that share the same superscript are not significantly different (ANOVA, p < 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Day 12°C 15°C 18°C 21°C 24°C 27°C 
1 100.00±0.00a 100.00±0.00a 100.00±0.00a 100.00±0.00a 100.00±0.00a 100.00±0.00a 
3 100.00±0.00a 100.00±0.00a 100.00±0.00a 100.00±0.00a 100.00±0.00a 93.67±0.00a 
9 100.00±0.00a 100.00±0.00a 100.00±0.00a 93.67±3.06a 65.33±3.79b 40.67±8.74c 
15 93.07±2.08a 92.12±1.53a 91.33±3.06a 83.33±3.06a 47.00±3.61b 22.00±4.00c 
21 80.67±2.89a 82.67±4.38a 81.67±2.89a 75.67±1.548a 25.67±5.03b 
 
27 75.33±5.86a 71.93±7.21a 71.67±4.58a 50.67±7.09a 14.33±3.79b 
 
33 63.67±2.89a 60.00±7.55a 61.00±2.35a 33.00±5.57b 7.67±4.16c 
 
39 54.33±5.00a 52.00±6.66a 50.33±2.08a 23.00±4.36b 
  
45 46.00±4.16a 44.13±9.61a 36.33±8.50ab 13.00±2.65b 
  
51 37.67±5.29a 35.67±6.51ab 26.33±4.58bc 7.33±1.53c 
  
57 29.00±4.72a 24.33±5.03a 
    
63 15.71±2.66a 12.30±3.03a 
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Figure 5.1. Survival rate of Branchinecta orientalis at different temperature regimes. 
 
 
5.4.3. Growth 
The animals continued growing at all temperatures throughout their lifetime. 
Comparison of growth on day 15 revealed significantly higher growth (12.38±0.71 mm) at 
27°C than animals at 12-24°C. Animals were significantly smaller at 12°C than at other 
temperatures until day 33, but improved considerably in length after this day. Overall 
maximum mean length was obtained at 18°C (16.71±0.54 mm). Nevertheless, the growth 
at 15, 18 and 21°C was almost similar (Tab. 5.3 and Fig. 5.2).  
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Figure 5.2. Growth of Branchinecta orientalis at different temperature regimes 
 
The mean daily growth during first 15 days was about 0.80, 0.68, 0.64, 0.65, 0.58 and 
0.24 mm day
-1
 at 27, 24, 21, 18, 15 and 12°C, respectively. Daily growth slowed down 
significantly in all treatments after day 15 except at 12°C. The fairy shrimps grew at a 
significantly faster rate at 12°C from day 15 onwards (0.58 mm day
−1
) compared to other 
treatments (p < 0.05) (Tab. 5.3). Animals reared at 18°C obtained maximum mean length 
on long term (on day 15); however, no significant differences were observed in the total 
length of animals cultured at 12, 15, 18 and 21°C. No significant differences were detected 
in maximum total length of males and females grown under different temperature 
conditions (Tab. 5.3). 
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Table 5.3. Overall growth (mm) and daily growth (mm d
-1
) of Branchinecta orientalis at different 
temperature regimes (±SD standard deviation). Values in each row that share the same superscript are not 
significantly different. ANOVA test (p < 0.05). 
Day 12°C 15°C 18°C 21°C 24°C 27°C 
1 0.43±0.01a 0.43±0.01a 0.43±0.01a 0.43±0.01a 0.43±0.01a 0.43±0.01a 
3 0.92±0.04a 1.23±0.06ab 1.44±0.05bc 1.71±0.14cd 1.94±0.08d 1.68±0.22d 
9 1.97±0.17a 3.52±0.20b 4.77 ± 0.33b 5.22±0.30c 7.45±0.41d 7.83±0.13d 
15 4.07±0.42a 9.20±0.28b 10.17±0.26bc 9.98±0.31bc 10.69±0.29c 12.38±0.71d 
21 8.61±0.77a 11.00±0.26b 11.68±0.32b 11.40±0.46b 12.42±0.41b 
 
27 11.08±0.46a 12.34±0.40b 12.79±0.61bc 12.59±0.43bc 13.59±0.24c 
 
33 13.25±0.37a 13.49±0.40ab 13.82±0.73ab 13.15±0.56ab 14.75±0.42b 
 
39 14.97±0.65ab 14.60±0.33a 15.49±0.86b 14.42±0.46a 
  
45 15.57 ±0.22ab 15.20±0.21a 16.34±0.20b 15.97±0.27b 
  
51 15.76±0.43a 16.03±0.27a 16.71±0.54a 16.49±0.39a 
  
57 15.88±0.36a 16.37±0.48a 
    
63 15.95±0.28a 16.42±0.35a 
    
Daily growth from  
day 1-15 (mm d-1) 
0.24±0.05a 0.58±0.11bc 0.65±0.10bc 0.64±0.14bc 0.68±0.13bc 0.80±0.21c 
Daily growth from  
day 16-33 (mm d-1) 
0.54±0.06b 0.25±0.03a 0.21±0.04a 0.19±0.03a 0.24±0.06a - 
Maximum  total  
 length of female (mm) 
15.75±0.27c 16.18±0.37d 16.40±1.40d 16.29±0.77d 13.89±0.89b 12.11±1.05a 
Maximum  total  
 length of male (mm) 
16.15±0.29c 16.66±0.33d 16.40±1.32d 16.70±1.18d 14.91±1.25b 12.66±2.12a 
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5.4.4. Reproductive and life span characteristics 
The reproductive and life span characteristics of B. Branchinecta orientalis at five 
different temperatures are summarized in table 5.4. Significantly longer life span was 
detected at 12 and 15°C (about 32 and 30 days, respectively) compared to the fairy shrimps 
reared at 18-27°C. The pre-reproductive period was significantly longer at 12-21°C in 
comparison to those at higher temperatures. The animals became sexually mature at about 
9, 17, 24, 22, 28 and 30 days at 27, 24, 21, 18, 15 and 12°C, respectively. Time required 
for sexual maturity was significantly shorter for individuals at 27°C followed by those 
reared at 24°C compared to the rest. However, total reproductive period was significantly 
longer at 12-21°C compared to the animals cultured at 24 and 27°C.  
The longest reproductive period was observed at 12°C (32.06±7.08 days); however, 
significantly higher mean number of clutches occurred at 18°C. Statistical analysis 
revealed the highest value of cyst production at 18°C, significantly higher compared to 
other treatments (p < 0.05). The clutch size was also significantly larger at 18°C (109 
cysts) compared to all other groups except those reared at 21°C (86 cysts) (ANOVA,                     
p < 0.05, Tab. 5.4). The lowest values for total number of cysts produced, offspring per 
brood, number of broods per female, and number of offspring per day were observed at 
27°C (Tab. 5.4 and Figs. 5.3, 5.4, 5.5).  
The size of the cysts collected from nature was 311.05±23.13 μm, whereas the cysts 
produced at different temperatures under laboratory conditions varied significantly in 
biometry of hydrated and decapsulated cysts (Tab. 5.5). The smallest cysts were produced 
at 27°C, significantly smaller compared to the cysts produced by other groups, except 
those at 15°C. Chorion thicknesses of cysts produced at different temperatures were 
significantly different (Tab. 5.5).  
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Table 5.4. Mean of various reproductive and life span characteristics for Branchinecta orientalis (±SD 
standard deviation). Values in each row that share the same superscript are not significantly different. 
Temperature 12(°C) 15(°C) 18(°C) 21(°C) 24(°C) 27(°C) 
Pre-reproductive  
period (day) 29.86±2.24
de 28.07±3.15d 22.42±2.03cd 24.63±1.41cd 17.38±1.27b 9.38±1.09a 
Reproductive  
period (day) 
32.06±7.08c 30.10 ±4.19c 28.35± 5.46c 25.95± 6.96c 16.50±6.57b 4.50 ±2.82a 
Lifespan (day) 63.00±5.29d 62.67±4.04d 51.00±1.00 c 51.00±1.73c 33.35±58.00b 14.67±1.15a 
Number of  
offspring per 3 days 
44.23±13.51b 58.42±11.80bc 102.67±24.42d 79.32±34.73cd 39.37±24.85b 9.82±9.05a 
Total No. of cysts 
produced 
579.56±199.63c 658.00±169.51c 1094.25±329.30d 745.55±285.02c 305.95±233.24b 24.00±22.66a 
Offspring per  
clutch 
68.32±19.41bc 72.42± 16.47bc 109.03±24.46d 86.38 ±26.21cd 51.14±27.45b 14.04±14.15a 
Number of clutches 
   per female 
8.56±1.31c 9.15±1.39 c 11.40±1.90d 8.65± 4.00c 5.45 ±2.26b 1.50 ±0.94a 
 
 
 
Figure 5.3. Life span characteristics of Branchinecta orientalis reared at different temperatures. 
Reproductive period (Repro. Period); Pre-Reproductive period (Post-Repro.); Post-Reproductive period 
(Post-Repro.). 
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Figure 5.4. Number of offspring per clutch, number of offspring per 3 days and number of clutches per 
female in Branchinecta orientalis at different temperatures. 
  
 
 
 
Figure 5.5. Number of cysts produced by Branchinecta orientalis G. O. Sars, 1901 cultured under different 
temperature regimes. 
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Table 5.5. Diameter of hydrated and dehydrated cysts and chorion thickness of cysts produced at different 
temperatures. Values in each column that share the same superscripts are not significantly different. ANOVA 
test (P < 0.05). 
Temperature 
Diameter of 
hydrated cysts (μm) 
SD 
Diameter of 
decapsulated cysts (μm) 
SD 
Chorion 
thickness (μm) 
SD 
12 ºC 286.92
c 
17.63 224.60
b 
14.80 31.38
b 
8.48 
15 ºC 278.47
ab 
19.75 226.70
b 
15.38 26.92
a 
8.74 
18 ºC 292.77
d 
26.22 226.50
b 
13.73 33.37
b 
12.91 
21 ºC 280.65
b 
19.92 224.00
b 
8.76 28.85
a 
9.35 
24 ºC 290.14
cd 
23.61 227.80
b 
12.84 32.02
b 
10.65 
27 ºC 275.66
a 
21.79 217.50
a 
14.03 29.08
a 
10.89 
 
 
5.5. Discussion 
Results obtained in the present study indicated that increase in temperature affects the 
first day hatching percent considerably, and significant improvement was achieved at 21 
and 24°C. The cumulative hatching percentage was significantly lower at extreme 
temperatures (12 and 27°C), reaching it highest value at 21°C. The hatching process 
continued during the 10 days hatching period under favourable conditions supporting the 
findings of Brendonck (1996). We found that eggs of Branchinecta orientalis have high 
capability to hatch once desiccated in nature, falling into the first category of Anostraca as 
described by Bond (1934) who divided the Anostraca (except Artemia) into two classes, 
with eggs which require drying to hatch, and those with eggs that require freezing. The 
results obtained on the biometry of cysts produced under different experimental conditions 
revealed that the size variation of the cysts produced by B. orientalis under laboratory 
conditions (275-292 μm) was smaller compared to those produced in the natural biotope 
(Khaslou pool, 311.05±23.13 μm). Generally, our results show that there is no 
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temperature-related trend in diameter of non-decapsulated cysts, and the differences 
observed probably resulted from the use of different clutches. Probably there are many 
other factors than temperature affecting cyst size. For example, in Artemia urmiana the 
diameter of cysts depends on physico-chemical parameters (e.g. salinity variations) and 
food availability (Abatzopoulos et al., 2003). The animals tended to produce significantly 
larger cysts at 18°C compared to other laboratory conditions, except those produced at 
24°C. The diameter of the cysts produced by B. orientalis in the studied area and those 
produced at 18 and 24°C was found to be larger than that of the cysts of the same species 
as reported by Alonso and Alcaraz (1984) (219 μm), Petkovski (1991) (263 μm) and 
Thiéry (1995) (277-280 μm) under natural conditions, proving the influence of 
environmental factors on cyst size.  
Life history studies on other anostracans have shown that temperature plays an 
important role in growth. Growth increased with increasing temperature in lab experiments 
on Chirocephalus diaphanus (cf. Lake, 1969), Branchinecta gigas (cf. Daborn, 1975) and 
Branchinecta mackini (cf. Daborn, 1977). Since anostracans are poikilotherms, higher 
temperatures can accelerate their metabolic rate, reflected in their faster growth under 
warmer conditions. Based on our findings, Branchinecta orientalis increased in length 
rapidly in the first few days after hatching at high temperatures (above 21°C), while little 
growth was observed at low temperatures (below 15°C). However, growth continued for a 
much longer period at low temperatures (12-21°C) compared to those at higher 
temperatures. Rapid growth at high temperature could be due to an increased rate of 
metabolism which coincided with an increased mortality rate. Growth decreased soon after 
the shrimp reached sexual maturity but continued at a slower rate under all temperature 
treatments. A study of B. gigas showed that body length increased significantly after the 
shrimp reached an adult stage, and growth did not level off until individuals began to die 
(Daborn, 1977). In contrast, growth decreased after the shrimp reached sexual maturity in 
Eubranchipus bundyi (Daborn, 1976), C. diaphanus and Tanymastix stagnalis (Linnaeus, 
1758) (cf. Mura, 1991), which is in agreement with our findings. 
 All shrimp at 27°C died within two weeks after hatching, resembling a Type I rate of 
living, while B. orientalis reared at the lower temperature regime had a far higher lifetime 
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reproductive output than the warmer temperature resembling Type II rate of living (Pearl, 
1928). Our results are in agreement with findings of Beladjal et al. (2003a) on 
Tanymastigites perrieri, who reported significantly high mortality with increasing 
temperature. In the warmest cycle, only a few females reached sexual maturity and 
produced cysts, but the maturation period was significantly shorter compared to that at 
lower temperatures. However, over 70% of the animals reached sexual maturity and 
produced cysts at temperatures below 18°C. Beladjal et al. (2003a) reported a significantly 
higher maturation rate of T. perrieri at 10°C compared to higher temperatures, confirming 
our findings of a positive effect of low temperature on maturation rate in anostracans.  
Maximum reproductive output observed at 18°C (totalling 1094.25±329.34 cysts), was 
significantly higher than that produced at higher and lower temperatures (p < 0.05). 
Production of a higher number of large cysts per clutch at 18°C also indicates that the fairy 
shrimps produce larger egg sacs under optimal conditions. T. perrieri produced a 
significantly higher number of cysts at 20°C compared to those at 10°C and 30-40°C 
(Beladjal et al., 2003a), quite similar to the findings of the current study.  
Longevity was significantly different at various experimental temperatures, for 
example, animals at the coldest temperature had a longer lifespan (63.00±5.29 days at 
12°C) than at the warmest temperature (14.67±1.15 days at 27°C). A similar pattern of life 
span was observed by Beladjal et al. (2003a) who reported a longest life expectancy (100 
days) for T. perrieri cultured at 10°C, while the minimum life span (20 and 18 days) was 
observed at 30°C and 35°C, respectively. The maturation, longevity, and survival patterns 
in B. orientalis obtained in this study are comparable to the same characteristics reported 
from other species of anostracans. Artemia monica Verrill, 1869, reared under warm 
conditions, reached adulthood faster than those growing at a cooler temperature (Dana et 
al., 1995). Life span in C. diaphanus was shortest at the highest temperature in a life 
history study by Lake (1969). These findings reveal that anostracans are generally highly 
sensitive to high temperatures and perform better at low temperatures.  
In conclusion, this study provides updated life history data with important implications 
for natural populations of B. orientalis. Our data revealed that the temperature range of 18-
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21°C provides the best conditions for hatching, growth, survival and reproduction of the 
species. This temperature range is reflective of the cold mountainous climate in Iran during 
early spring, which is the time when temporary pools typically fill with melting snow or 
spring precipitation. If filling of a pool occurs in late spring, when the temperature is closer 
to the warmer experimental temperature treatments, few shrimp are likely to survive to 
maturity and reproduce. Therefore, filling of the pools at low temperatures seems to be 
essential to ensure enough reproduction to stabilize the cyst bank in nature.  
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6.1. Abstract 
Branchinecta orientalis is a fairy shrimp endemic to the Palearctic region, from 
Mongolia to Spain. The patchy nature of its habitat is thought to result in a high degree of 
subdivision among populations, potentially promoting speciation. We combined 
morphometric characteristics with molecular phylogeny of cytochrome c oxidase I (COI) 
to test whether B. orientalis could be a species complex and whether there is any 
correlation between the genetic variation, morphometric characteristics and geographical  
variables. Based on the comparison of morphometric and molecular datasets, we confirmed 
that the Aigher Goli (AIG) population is biometrically well separated from the Akh Gol, 
Hassar, Rashakan, Khaslou and Garagojanlou populations in northwestern Iran. The 
relatively high genetic divergence in the AIG from the other population  and its congruence 
with morphometric data suggests local adaptation in B. orientalis. However, as these 
results were generated using a small sample size and on a limited sampling range, they 
should be considered as preliminary. 
 
6.2. Introduction 
Branchinecta orientalis Sars, 1901, was redescribed by Petkovski (1991), who also 
confirmed the distinctive features shared by Branchinecta orientalis and Branchinecta 
ferox, first noted by Brtek in 1967. According to previous literature, B. orientalis appears 
as a Mongolian steppe element, extending from Mongolia to Iran through Tibet, Pamir, 
Alaya Valley and Afghanistan, and thence through the Ukrainian steppes, the Wallachian 
and Pannonian lowlands to Spain (Daday, 1910; Löffler, 1969; Brtek et al., 1984; Vekhov 
and Vekhova, 1990; Petkovski, 1991; Löffler 1993; Belk and Brtek, 1995; Manca and 
Mura, 1997).In the European part of its range, the species typically occurs in periodical 
natron pools (natron is a naturally occurring mixture of sodium carbonate decahydrate and 
about 17% sodium bicarbonate along with small quantities of sodium chloride and sodium 
sulfate) (Brtek,1967), in highly mineralized or saline pools (Petkovski, 1991), whereas in 
central Asia it also inhabits high altitude and saline temporary waters (Petkovski, 1991). In 
Iran B. orientalis has been reported from East Azerbaijan (Mura and Takami, 2000), and it 
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is found as one of the typical large Branchiopoda inhabitants in West Azerbaijan. It occurs 
in fragmented fresh and brackish temporary waters distributed at altitudes ranging from 
800 to 2650 m above sea level. The discontinuous nature of the habitat increases the 
potential for isolation and differentiation between populations (Boileau and Hebert, 1991; 
Hebert, 1978). Branchiopoda have been long considered as crustaceans with high levels of 
phenotypic plasticity in response to the highly variable and unstable environments that 
they inhabit (Cohen, 2012). This plasticity is reflected in the great inter- and intra-
population diversity displayed by anostracans. Several differences in some morphological 
traits have been found among populations of B. papillata inhabiting isolated high altitude 
environments (Rogers et al., 2008, Cohen, 2012). Different criteria of morphological traits 
have also been used for Artemia strain characterization (Amat, 1980), and for 
discrimination of Artemia species and populations originated from geographically near 
habitats which share similar environments (Hontoria and Amat, 1992; Hontoria, et al., 
2012; Scalone et al., 2013). 
The genetic diversity within populations is often used as an indirect indicator of 
population history, ecology, and ability to adapt (Bazin et al., 2006).The development and 
application of molecular tools (especially mitochondrial COI gene sequences) in the last 2 
decades have revealed high levels of population subdivision at a microgeographical scale 
(De Meester, 1996; Hebert, 1998). DNA barcoding has become established as useful for 
validating species boundaries, conducting routine identifications, and revealing new and 
cryptic species (Herbert, 2003). Barcoding, which uses the mitochondrial COI, frequently 
reveals cryptic species diversity in most animal groups, for example within lepidopterans 
(Herbert, 2004), amphipods (Witt, 2006), and also birds (Kerr, 2007). In freshwater 
zooplankton, barcoding recently allowed for the discovery and description of two cryptic 
species of cladocerans (Elías-Gutiérrez, 2008; Quiroz-Vázquez, 2009) and one copepod 
(Montiel-Martínez, 2008). Genetic studies in different fairy shrimp species support the idea 
of frequent dispersal and gene flow over short distances such as within pool clusters 
(Hulsmans et al., 2007; Vanschoenwinkel et al., 2008). In contrast, little is known about 
the frequency of dispersal and gene flow among remote or isolated aquatic habitats such as 
mountain pools or groundwater aquifers and over large spatial scales (Cooper et al., 2007; 
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Mergeay et al., 2008). Besides, geographical and physical barriers between conspecific 
strains must exist for reproductive isolation to evolve as a byproduct of the genetic 
differences (Gajardo et al., 1998). 
The degree of genetic-morphometric relationship may be clarified in part by 
examining the association or correlation of genetic characters, such as heterozygosity, with 
phenotypic states such as size (Korn, 2010). This work uses morphometric analysis and 
molecular genetic approach (COI) to examine B. orientalis populations from 
geographically isolated water bodies from different locations of Iran, aiming to 
characterize mutual genetic and morphometric relationships or any evidence of local 
adaptation. 
 
6.3. Material and Methods 
6.3.1. Site description and sample preparation  
This study was based on specimens of B. orientalis collected from six geographical 
regions in the North West of Iran along an altitude gradient within the same season during 
the first week of sexual maturity (Fig. 6.1). Eco-physical characteristics of the studied 
habitats are listed in table 6.1 and table 6.2. Temperature, dissolved oxygen, conductivity 
and pH were measured using sensors (CRISON MM40, Spain). A hand refractometer 
(ATAGO, Japan) was used to measure salinity. Chlorophyll a concentrations were 
measured following the procedure of Nusch (1980). The amount of suspended matter was 
analyzed following the procedure of De Roeck (2007). Total nitrate and total phosphate 
were determined using unfiltered water samples with a spectrophotometer (CAMSPEC 
M330, UK). Altitude and coordinates were measured using a portable GPS (GARMIN, 
USA) (see chapter 2). 
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Figure 6.1. Map showing the locations of Branchinecta orientalis sampling sites. For abbreviations, see table 6.1. 
 
Table 6.l. Average values of measured physical and chemical variables in the studied pools. Garagojanlou 
(GAR), Akh Gol (AKH), Hassar (HAS), Khaslou (KHS), Rashakan (RAS) and Aigher Gol (AIG). 
Pool Temp DO Trans Cond Salin pH t-N t-P Chlr a Susp 
 °C mgL-1 cm mS.cm-1 gL-l  mgL-1 mgL-1 mgL-1 mgL-l 
GAR 24 6.1 6.3 5.3 >1 7.6 1 0.30 3.2 3 
AKH 23 7.3 6 5.8 1.7 8.1 0 0.03 4.6 5 
HAS 22 9.8 21.7 4.2 2.3 7.8 0 0.40 1.3 1 
KHS 25 7.8 14 12.5 4 7.5 2 0.01 6.6 7 
RAS 25 6.8 17.2 2.0 >1 8.2 5 0.20 26 26 
AIG 24 8.4 15.3 0.1 0 7.9 1 0.10 11 11 
Codes: Temperature (Temp), Dissolved Oxygen (DO), Transparency (Trans),Conductivity (Cond), Salinity 
(Salin), pH, total Nitrate (t-N), total Phosphate (t-P), Chlorophyll a (Chlr a),  Suspended material (Susp). 
 
 
Chapter 6 
87 
 
Table 6.2. Geographical characteristics of studied pools (for the abbreviations see table 6.1). 
Pool  Location  Altitude  Distance (km) 
  N E  (m.a.s.l)  GAR AKH HAS KHS RAS 
GAR  39
°
   39
׳
 44
°
   50
׳
  790       
AKH  39
°
   33
׳
 44
°
   44
׳
  800  12     
HAS  37
°
   32
׳
 45
°
   15
׳
  1275  218 226    
KHS  37
°
   49
׳
 45
°
   50
׳
  1300  203 214 62   
RAS  37
°
   22
׳
 45
°
   37
׳
  1300  239 247 18 69  
AIG  37
°
   46
׳
 46
°
   35
׳
  2560  238 251 121 63 122 
 
 
6.3.2. Morphometric analyses 
Twenty male and female adult specimens were randomly taken from each population. 
Twelve morphometric parameters were considered:  total length, abdominal length, thorax 
length, head length, distance between compound eyes, diameter of right eye, width of 3
rd
 
abdominal segment, length of telson, length of furca, length of right antenna, ovisac length 
and width of ovisac (Fig. 6.2). Discriminant analysis (DA) was applied for morphometric 
data (SPSS 11, IBM, USA) (Zhou et al., 2003., Camargo et al., 2003; Amat et al., 2005; 
Agh, et al., 2008; Asem et al., 2010; Hontoria, et al., 2012; Scalone, et al., 2013; Ben 
Naceur, 2013; Asem and Sun, 2014).  
 
6.3.3. DNA extraction and PCR amplification 
DNA was extracted from adult specimens (3 males and 3 females) from each 
population according to Sambrook et al. (1989). For this purpose 800 µl of SDS buffer 
(Tris-HCl 10mM, EDTA 0.5mM, NaCl 75mM, SDS 0.5%) and 10 µl of proteinase K were 
added to vials containing one Branchinecta individual. The vials were incubated in a water 
bath at 55-60°C for 30-60 min (with intermittent vortexing every 10 min) and centrifuged 
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at 2700 g for 30 min. An equal volume of saturated phenol was added to the aqueous phase 
and then centrifuged at 2700 g for 15 min. The aqueous phase was transferred to a new 
tube. Subsequently, a phenol and chloroform-isoamyl alcohol solution was added to this 
tube, up to half the volume of the supernatant. The complex of chloroform-isoamyl alcohol 
was prepared by mixing of chloroform and isoamyl alcohol (24:1). The vials were 
centrifuged at 2700 g for 15 min. The supernatant was transferred to a new tube and mixed 
with an equal volume of chloroform-isoamyl alcohol complex. All samples were 
centrifuged at 2700 g for 15 min. 
 
 
 
 
 
 
 
 
 
 
 
HL: head length 
TL: total length 
AL: abdominal length 
LT: length of thorax 
LF: length of furca 
TE_L: length of telson 
LO: ovisac length  
WO: width of ovisac 
DE_Ri: diameter of right eye 
LA_Ri: length of right antenna,  
DE: distance between compound eyes 
WS3: width of 3rd abdominal segment 
Figure 6.2. Definition of morphometric characteristics in Branchinecta orientalis (by author based on 
literature source: Amat, 1980; Timms, 2012). 
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A double volume of ethanol 100% was added to each vial, which were then stored for 
1h at -20°C. Next, the samples were centrifuged at 20000 g for 15 min. Subsequently, the 
ethanol was poured off and the DNA pellet was dried at 37°C in an incubator for 2 h. 
Finally, the pellet was dissolved in 25 µl of TAE buffer (pH 8.0) and stored at -20°C 
(Sambrook et al., 1989). The quantity and quality of DNA was tested by biophotometry 
and agarose gel running.  
The DNA samples were assayed for positive PCR amplification of the 710 bp mtDNA 
fragment within the COI region as described by Folmer et al. (1994). A fragment of 710 bp 
of the mitochondrial protein coding gene cytochrome c oxidase subunit I has been analyzed 
as a single piece due to the fact that no sequence length variation appears (Richter, 2007). 
The PCR reaction was performed using a combination of the reverse primer HCO (5'-taa-
act-tca-ggg-tga-cca-aaa-aat-ca-3)', and the forward primer LCO (5'-ggt-caa-caa-atc-ata-
aag-ata-ttg-g-3'). PCR amplification was performed using BioRad PCR equipment, 
programmed as follows: 95°C for 3 min, 35 cycles of 95°C for 60 sec followed by 49°C 
for 80 sec and 72°C for 80 sec, and a final extension of 72°C for 7 min. The PCR products 
were verified for the appropriate size by agarose gel electrophoresis after staining with 
ethidium bromide in a UV transilluminator (Syngene, USA) to visualize the fragment.  
 
6.3.4. mtDNA diversity and phylogenetic analysis 
PCR products of six populations (KHS, RAS, AKH, GAR, HAS and AIG) were 
sequenced (Sina Gen, Iran) and the authenticity of the sequences was checked against the 
potential background genome through a remote BLAST and genome database on the NCBI 
server. Complete alignment of 598bp of the COI gene was obtained. Existing COI gene 
sequences from the gene bank database were used to determine phylogenetic relationships 
between B. orientalis populations considered in this study and other species of the genus 
Branchinecta (Tab. 6.3). In order to select an appropriate evolutionary model of nucleotide 
substitution, we used MODELTEST3.7 (Posada and Crandall, 1998). Bayesian 
phylogenetic relationship analysis was performed with MrBayes version 3.1.1b4 (Ronquist 
and Huelsenbeck, 2003). 
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Table 6.3. Species, sample location, haplotype and accession number of COI sequences for the Branchinecta 
and Artemia species. Except for Branchinecta orientalis, all database species are downloaded from GenBank. 
For abbreviations, see table 6.1. 
Species Sample location Haplotype Accession number 
Branchinecta lindahli USA, Southern California Lin E FJ439748.Vandergast, A. G. et al. 2009 
 USA, Southern California Lin A FJ439744.Vandergast, A. G. et al. 2009 
 USA, Southern California Lin D FJ439747.Vandergast, A. G. et al. 2009 
 USA, Southern California Lin B FJ439745.Vandergast, A. G. et al. 2009 
 USA, Southern California Lin C FJ439746.Vandergast, A. G. et al. 2009 
Branchinecta sandiegonensis USA, Southern California A13 FJ439701. Vandergast, A. G. et al. 2009 
 USA, Southern California A15 FJ439703. Vandergast, A. G. et al. 2009 
 USA, Southern California A11 FJ439699.  Vandergast, A. G. et al. 2009 
 USA, Southern California A09 FJ439697.  Vandergast, A. G. et al.  2009 
 USA, Southern California A24 FJ439712.  Vandergast, A. G. et al. 2009 
 USA, Southern California A28 FJ439716. Vandergast, A. G. et al.  2009 
Branchinecta paludosa Canada, Manitoba, Churchill - JN233842. Jeffery, N. W. et al. 2011  
 Canada, Manitoba, Churchill - JN233830. Jeffery, N. W. et al. 2011  
 Canada, Manitoba, Churchill - JN233828. Jeffery, N. W. et al.  2011  
 Canada, Manitoba, Churchill - JN233841. Jeffery, N. W. et al. 2011  
 Canada, Manitoba, Churchill - JN233839. Jeffery, N. W. et al. 2011  
Branchinecta lynchi USA, Southern California LyBL04 Fj439750. Vandergast, A. G. et al. 2009 
 USA, Southern California LyBL06 Fj439751. Vandergast, A. G. et al. 2009 
 USA, Southern California LyBL09 Fj439752. Vandergast, A. G. et al. 2009 
 USA, Southern California LyBL18 Fj439753. Vandergast, A. G et al. 2009 
 USA, Southern California LyBL02 Fj439749. Vandergast, A. G. et al. 2009 
Branchinecta orientalis Iran, West Azerbaijan AKH - 
 Iran, West Azerbaijan HAS - 
 Iran, West Azerbaijan RAS - 
 Iran, East Azerbaijan KHS - 
 Iran, West Azerbaijan GAR - 
 Iran, East Azerbaijan  AIG - 
Artemia urmiana Iran, Urmia Lake - DQ119651.  Hou, L. et al. 2006 
Artemia sinica China, NaLin, Inner Mongolia  DQ119649.  Hou, L. et al. 2006 
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Artemia urmiana and A. sinica (for accession numbers see Tab. 6.3) were used as the 
out-group. Interspecific and intraspecific molecular distance (Kimura-2-parameter) were 
calculated with Mega 5.0 (Kumar et al., 2004). Haplotype network, number of sequences, 
total number of sites, number of used sites, number of polymorphic (segregating) sites, 
invariable (monomorphic) sites, total number of mutations, parsimony informative sites, 
number of haplotypes, haplotype diversity ±SD, nucleotide diversity (Juks and Cantor), 
and average number of nucleotide differences were analyzed using TCS and DNAsp 
(Librado and Rozas, 2009). 
 
6.3.5. Relationships between the morphometric, molecular and geographical variables 
The correlation between the genetic/morphometric, genetic/geographical and 
morphometric/geographical variables was assessed using the Pearson correlation 
coefficient (r) and Mantel test (Kim, 2010) for each sex. The Mantel test‟s significance was 
assessed by comparing the morphometric, molecular (number of fixed mutations) and 
geographical matrices (distance and altitude, Tab 6.2) using XLSTAT 4.08. 
 
6.4. Results 
6.4.1. Multivariate morphometric analysis 
The three eigenvalues to discriminate individuals grouped by their origin was 61.63%, 
20.06% and 13.95% for males, and 60.50%, 17.63% and 12.84% for females. Thus, for the 
analysis of the males (Tab. 6.4) grouped according to the type of population to which they 
belong, total length, length of thorax, abdominal length, telson length, distance between the 
eyes and width of the 3rd abdominal segment were used as discriminant variables. For the 
females these characteristics were total length, length of thorax, abdominal length, and 
telson length, diameter of right eye, length of right 1st antenna and length of ovisac. 
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The discriminant functions obtained for males and females of individuals (Fig. 6.3a,b), 
grouped by the type of population to which they belong, was classified 89.2% and 82.5% 
(respectively) of the original group cases correctly. The discriminant functions obtained for 
the male populations from AKH, HAS, RAS, KHA, GAR and AIG represent their own 
biotope by 80%, 100%, 90%, 85%, 100% and 100%, respectively. Likewise, the female 
populations from AKH, HAS, RAS, KHA, GAR and AIG) represent 70%, 85%, 70%, 
90%, 80% and 100 % of their biotope, respectively. 
 
 
Table 6.4. Results of the discriminant analysis (DA) on the morphometric variables measured in 
Branchinecta orientalis females and males grouped by the type of population to which they belong (KHS, 
AKH, RAS, HAS, GAR and AIG), and pooled within-group correlations between discriminating variables 
and standardized canonical discriminant functions (all values measured were normalized by dividing them by 
total body length). 
Variable  Male   Female  
 
DA 1 DA 2 DA 3 DA 1 DA 2 DA 3 
Total length 0.730* 0.097 0.066 0.150 0.381* 0.300 
Length of thorax 0.643* 0.362 -0.243 0.298 0.269 0.099 
Abdominal length 0.432 -0.132 0.587* 0.093 0.467* 0.408 
Length of head †‡ 0.379 -0.130 -0.187 0.149 0.426* 0.118 
Telson length 0.663* -0.305 0.223 0.123 0.225 0.585* 
Length of furca †‡ 0.584* -0.132 -0.170 0.031 0.228 0.317* 
Diameter of right eye† 0.637* -0.086 0.283 0.467* 0.106 0.414 
Distance between the eyes 0.769* -0.010 0.166 0.234 0.420* 0.143 
Length of right 1st antenna† 0.547* 0.095 -0.119 0.557* 0.037 0.003 
Width of 3rd abdominal segment‡ 0.785* -0.261 -0.407 0.337 0.417* 0.233 
Length of ovisac - - - 0.495 0.630* 0.305 
Width of ovisac‡ - - - 0.332 0.512* 0.025 
Eigenvalue 5.74 1. 86 1.29 4.65 1.35 0.98 
% of total variance 61.63 20.06 13.95 60.50 17.63 12.84 
* Largest absolute correlation between each variable and any discriminant function. 
‡
 This variable was not used in the analysis of females and 
†
 not used in analysis of males. 
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Figure 6.3a. Scatterplot of the discriminant analysis (DA) on male morphometric variables  
measured in Branchinecta orientalis populations. For abbreviations of sites see table 6. 1. 
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Figure 6.3b. Scatterplot of the discriminant analysis (DA) on female morphometric variables  
measured in Branchinecta orientalis populations. For abbreviations of sites see table 6.1. 
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6.4.2. mtDNA diversity analysis 
Genetic diversity patterns in all populations (six populations considered in this study 
and 21 sequences downloaded from the gene bank, table 6.3) were evaluated using the 
software DNAsp.5 (Tab. 6. 5) (Librado and Rozas, 2009).  
 
Table 6.5. DNA polymorphism of mitochondrial cytochrome oxidase sequence. 
27 Number of sequences 
684 Total number of sites 
598 Number of used sites 
162 Number of polymorphic sites 
436 Invariable (monomorphic) sites 
205 Total number of mutations 
152 Parsimony informative sites 
21 Number of haplotypes 
0.11 Nucleotide diversity 
0.12 Nucleotide diversity (Juks and Cantor) 
67.09 Average number of nucleotide differences 
0.95±0.07 Haplotype diversity ±SD  
 
The Modeltest indicated that the maximum parsimony sequence evolution model 
divided B. orientalis and North American species to two main clades with high bootstrap 
value and posterior probability (Fig. 6.4), which was concordant with maximum likelihood 
and bayesian inference topology trees (not shown). Based on these results the Iranian 
populations of B. orientalis are comprised of two clades, in which the AIG population 
represents a separate clade from the other populations. 
The mean interspecific genetic distance (Kimura-2-parameter) between B. lindahli and 
B. lynchi showed the lowest value (10.84±1.42). In contrast, B. orientalis and B. paludosa 
represented the highest mean interspecific genetic distance (18.91±1.91) (Tab. 6.6). In 
addition, B. paludosa showed no intraspecific genetic distance. B. orientalis represented a 
higher intraspecific divergence (2.12±0.33) than any other species (Tab. 6.6). This high 
divergence value related to the differentiation of the AIG haplotype (pairwise distance 
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calculation: 6.0±1.0). Calculating intraspecific genetic distance in B. orientalis excluding 
the AIG haplotype, however, resulted in a much lower value (0.20±0.10). In the genus 
Branchinecta the threshold value for species delimitation has not been determined for the 
COI gene and no study on the COI gene in B. orientalis has been performed so far. 
 
Table 6.6. Average genetic distances (±SD standard deviation) within and between the taxa based on COI 
gene fragment.  
Species Intraspecific  Interspecific 
   (BLY) (BLI) (BP) (BO) 
B. lynchi (BLY) 1.70±0.36      
B. lindahli (BLI) 1.10±0.26  10.84±1.42    
B. paludosa (BP) 0.00±0.00  17.41±1.80 16.51±1.72   
B. orientalis (BO) 2.12±0.33  12.80±1.57 12.27±1.46 18.91±1.91  
B. sandiegonensis (BS) 1.03±0.26  13.79±1.51 14.17±1.54 17.97±1.77 15.67±1.59 
 
 
 
 
 
Figure 6.4. Maximum parsimony inference tree (Bootstrap 50% majority-rule consensus tree) based  on the 
mitochondrial data set of Branchinecta species. Artemia is used as outgroup. Values above nodes denote 
bootstrap. 
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6.4.3. Haplotype networks 
The DNA sequence analysis revealed 21 haplotypes among the populations. This 
allowed to construct eight haplotype networks (Fig. 6.5). The AIG haplotype completely 
separated from the other B. orientalis haplotypes, which confirms the results acquired 
through maximum parsimony and bayesian inference analysis. 
 
 
Figure 6.5. Haplotype networks of Branchinecta spp. (27 individuals), based on a 598 bp fragment of the 
cytochrome oxidase subunit I gene (COI). For abbreviations of sites, see Table 6.1 and 3. 
 
 
6.4.4. Relationships between the morphometric, molecular and geographical 
variations  
The results of the Pearson‟s r revealed strong correlation between the COI gene 
phylogeny and altitude (p < 0.001, r = 0.912) and between the COI gene phylogeny and 
male morphometric characteristics (p < 0.001, r = 0.744). There was also significant 
relationship between the geographical variables and the male morphometric characteristics. 
However, COI gene phylogeny showed no correlation with geographical distance             
(p > 0.05).The Mantel test also confirmed the results obtained by the Pearson‟s r test on the 
correlation between the COI gene phylogeny and altitude (p < 0.007, r = 0.696) and 
between the COI gene phylogeny and male morphometrics (p < 0.004, r = 0.713). A 
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marginal, positive correlation was detected between male morphometrics and the 
geographical distance (p = 0.095, r = 0.614). In contrast to the males, no significant 
correlation was found between the female populations in terms of morphometry, COI gene 
phylogeny and geographical variables (p < 0.05) (Tab. 6.7). 
 
Table 6.7. Correlation of distance matrices between the molecular, morphometric (analyses performed 
separately for males and females) and geographical  variations. 
Compared datasets  
Pearson  
 
Mantel test 
r p value r p value 
mtDNA vs altitude   0.912 <0.001  0.696 0.007 
mtDNA vs Geographical  distance  0.353 0.197  -0.185 0.371 
mtDNA vs Male morphometrics  0.744 <0.001  0.426 0.149 
mtDNA vs Female morphometrics  0.327 0.235  0.323 0.240 
Male morphometric vs altitude   0.713 0.003  0.713 0.004 
Female morphometricvs altitude   0.248 0.372  0.248 0.370 
Male morphometric vs Geographical  distance  0.614 0.015  0.614 0.095 
Female morphometricvs Geographical  distance  0.031 0.912  0.031 0.767 
 
 
6.5. Discussion 
Our results provide preliminary data on local adaptation in the species B. orientalis, 
with remarkable correlation between morphology and genetic isolation. Currently, a 
variety of analytical approaches, which include multivariate analysis of morphological 
characters and molecular systematics, are available to complement classical α-taxonomy, 
thus providing additional tools to investigate biodiversity and geographical distributions 
(Wiens, 2001). For example in Artemia, morphological traits have been used as a basis to 
describe populations and species, though controversy exists on the choice and value of 
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traits, as well as on their degree of genetic and environmental determination (e.g. Gajardo 
et al., 1998; Hontoria and Amat, 1992; Mura et al., 2006). Undoubtedly, discriminant 
analysis can be a useful tool to assign an unknown individual to one of the already 
identified groups. This could be very essential for management or biodiversity purposes, 
since it is a rapid and quite accurate method to characterize anostracan strains (Hontoria 
and Amat, 1992; Pilla and Beardmore, 1994). 
In this study, we visualized the morphometric variation using discriminant analysis, as 
depicted in figures 6.3. This method revealed significant morphometric diversity among 
the populations of B. orientalis, and discriminant analysis proved to be an effective 
procedure for distinguishing and classifying male and female individuals. Discriminant 
analysis maximized differences and indicated that both male and female individuals from 
Aigher Goli deviate significantly from the other populations living at lower altitude. 
Significant isolation of AIG from the other populations suggests a direct relationship 
between morphometric divergence and geographical separation, which may be based on 
altitude. A similar correlation between geographical and morphological distance has been 
documented previously in freshwater microcrustaceans (Hebert et al., 2002; Mura et al., 
2006) such as in B. papillata inhabiting isolated high altitude environments (Rogers et al., 
2008, Cohen, 2012). This could have resulted from phenotypic plasticity, an 
environmental-induced phenotypic change that occurs within an organism's lifetime and 
which is an important adaptive strategy to help cope with environmental variability 
(Fordyce, 2006; Garland and Kelly, 2006). On the other hand, this plasticity in morphology 
can be substantially reinforced by genetic factors (Bossier et al., 2004; Qiu et al., 2006), 
and genetic diversity provides the raw material for adaptation to changing environments 
(Bower et al., 2011). 
The use of DNA sequencing for studying species diversity is now a common practice 
and is particularly useful for taxa such as microcrustaceans in which cryptic or nearly 
cryptic species diversity is very common (Jeffery et al., 2011).Hence in this study, mtDNA 
was applied as marker for further characterization of the B. orientalis populations and to 
find useful insights on a direct link between morphological differentiation and cryptic 
genetic diversity. The mtDNA markers, especially COI, are widely used in molecular 
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identification of species and populations from different geographical  habitats (Haeger, 
2010).Previously unrecognized cryptic genetic diversity not correlated to geographical 
distance between sampling sites was evidenced within the nominal species of the group B. 
orientalis, by detecting highly divergent lineages in the high altitude location (AIG).This 
genetic substructure was detected by sequencing the mtDNA marker, providing strong 
support for phylogenetic inferences. Similar results with respect to genetic variability have 
been reported within the species B. lindahli, B. mackini, B. pakardi, B. lynchi (Fugate, 
1992), and B. coloradensis, which are living in pools in different valleys in the Rocky 
Mountains, USA (Bohonak, 1999). 
Indeed, the mtDNA haplotype found in the AIG population differed from other 
populations (AKH, HAS, RAS, KHA, GAR) sampled in Iran, and from the Branchinecta 
haplotypes from North America by a large number of fixed mutations and indels leading to 
genetic distance estimates of about half the interspecific distance in the genus 
Branchinecta (6%).According to accepted rates of molecular evolution of 2% per Myr for 
mtDNA(Schlötterer, 1994), we estimated the divergence time of the new molecular forms 
(AIG) at about 3 Myr. Populations that have been geographically isolated for a long time 
have a tendency to diverge from each other by adapting to their local environments (Bower 
et al., 2011). This geographical differentiation is strongly associated with molecular or 
morphological differentiation, when dispersion capacity is limited by a geographical 
barrier. On the other hand, organisms with a high capacity for dispersal exhibit more 
molecular and morphological overlap (Scheihing et al., 2010). The high genetic divergence 
in the AIG from the other populations illustrated by the maximum parsimony analysis 
revealed a tree with two well-supported clades for Iranian Branchinecta, as well as the 
separation of the AIG haplotype from the other haplotype networks.  
In conclusion, our study demonstrates the usefulness of combining integral 
morphological analysis with molecular systematic approach (CO I) to better discern 
species boundaries when studying sibling taxa. Morphometric variations may be explained 
by the easy changes in morphological characteristics following environmental changes. 
The high genetic divergence of the AIG population may be the result of extreme founder 
effects linked to high elevation, leading to the establishment of the population‟s own 
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genetic structure. Although our results have been generated using a small sample and a 
limited range, and may thus be considered as only preliminary, our findings emphasize the 
importance of protecting Aigher Goli as the only existing habitat of prototype population in 
the area. 
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7.1. Importance of ecological knowledge of temporary pools in Azerbaijan, Iran 
The study of temporary pools, either at the level of individual pools or at larger scales, 
incorporating local and regional processes, is useful for the establishment of ecological 
management strategies that present an overall perspective on the functioning of the 
ecosystems. Like at the global level, the seasonality in precipitation patterns in subtropical 
Iran means that freshwater and saline aquatic systems are subject to ecological pulses that 
have shaped their biological communities. In Azerbaijan, detailed ecological studies of 
temporary pools at large spatial scales have been few and have focused mainly on saline 
pools (e.g. Agh and Noori, 1997; Abatzopoulos, et al., 2006; Agh, 2007; Manaffar, 2012). 
The lack of studies that are broad enough to consider local and regional processes has 
contributed to the slow recognition of these important habitats as integral components of 
dryland region ecosystems in Azerbaijan. 
This study on temporary pools in Azerbaijan is the first broad-based investigation on 
the ecology of temporary habitats in Iran and is also among the few studies in the Middle 
East that have studied community aspects of temporary pools. We embarked on this study 
with the objective of bringing better understanding of the ecology of temporary pools in a 
dryland region. The knowledge of the faunistics of temporary pools in Azerbaijan is also in 
urgent need of expansion with new data from regions that have never been studied before. 
When exploring new sites, the finding of new populations can be very important for their 
ecological status or for basic and applied research in general. Therefore, this study also 
aimed to identify new resources of large branchiopods in Iran, and to characterize some of 
them on the basis of their ecological and biological features. In order to properly 
characterize these resources, a number of experiments had to be designed and questions 
related to their biotopes and to their reproductive, morphological, biometric and genetic 
characteristics had to be answered. 
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7.2. Large Branchiopoda in Iran with specific focus on the Azerbaijan area 
7.2.1. Distribution and diversity  
Since the first report on the large branchiopod species from Lake Urmia, Artemia 
urmiana (Günther, 1899), only few studies have contributed to the list of the large 
branchiopods fauna in Iran. Through our investigation in total 21 geographic locations 
scattered over 5 Iranian provinces were identified with occurrence of large branchiopods 
(chapter 2). Moreover, all species found in the provinces of West Azerbaijan, Khorasan 
and Fars were new records. The populations of Phallocryptus spinosa (synonym with 
Branchinella spinosa Milne-Edwards, 1840) and Branchinecta orientalis previously 
reported in Shah Goli in East Azerbaijan (Mura and Azari Takami, 2000) have become 
extinct now and have been replaced by ornamental fishes. Our study also confirms the 
presence of B. orientalis, Streptocephalus torvicornis (synonym with Streptocephalus 
auritus var. areva Brehm, 1954), P. spinosa, Chirocephalus skorikowi and                        
A. parthenogenetica reported previously from East Azerbaijan, and reports on a number of 
new locations for these species in both East and West Azerbaijan. B. orientalis, P. spinosa 
and A. parthenogenetica were determined as the dominant species of large branchiopods in 
Azerbaijan. We found no traces of Branchipus schaefferi, which had been reported from 
East Azerbaijan before (Brehm (1954), and also the existence of B. schaefferi and                 
S. auritus, reported by Brehm (1954) in the southern sites of Iran, could not be confirmed. 
The records of Triops granarius, Lepidurus apus, Leptestheria sp., Caenestheriella sp. and 
Cyzicus sp. were an important contribution to the large branchiopod faunistics of Iran. C. 
skorikowi, L. apus and Caenestheriella sp. were only found in the Aigher Goli pool, 
situated at an altitude 2560 m.a.s.l. in East Azerbaijan, the highest habitat recorded so far 
for large branchiopods in Iran (chapter 2). It is likely that both L. apus and Caenestheriella 
sp. have recently been distributed in the Aigher Goli pool. Our annual surveys on Aigher 
Goli obviously confirm a decrease in the density of anostracan species and conversely an 
increasing density of L. apus in the period 2005-2012. Maybe these changes are due to the 
gradual replacement of Anostraca species with L. apus and Caenestheriella sp. This idea is 
supported by the review study of Mura and Azari Takami (2000) on the presence of 
Anostraca species in East Azerbaijan. They only reported B. orientalis and C. skorikowi 
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occurring in the Aigher Goli pool and other species were not observed, whereas, based on 
our field observations L. apus and Caenestheriella sp., B. orientalis and C. skorikowi co-
occur at the same time in spring. 
 
7.2.2 Local processes in distribution and diversity  
Patterns of diversity, distribution and conservation status of large branchiopods are 
still poorly known (Brendonck et al., 2008). However, it is generally accepted that local 
and regional factors have a very important role in the distribution and diversity of these 
taxa (e. g. Boven et al. 2008; Vanschoenwinkel et al., 2008; Waterkeyn et al. 2009). In our 
study, the environmental characteristics of temporary pools in Azerbaijan were 
investigated. Three types of pools were distinguished based on their size and further 
subdivided based on salinity ranges. This was important because for a large study area with 
numerous pools a means of classifying the pools is needed, and this can be a very effective 
tool for conservation management plans. Both salinity and pool size were determined as 
major local factors in sorting of species across the area by having positive or negative 
effects. This is easily detectable from the species distribution patterns in the study area. For 
example Artemia and P. spinosa are restricted to saline small-size pools around Urmia 
Lake, whereas the other species mostly occur in pools with fresh or low-salinity water  
(Fig. 7.1). Also based on the statistical relationships between community structure and 
local factors and processes, salinity has a pivotal role in determining large branchiopod 
species assemblages, richness or monopolization. The small-size pools contribute most to 
common species richness through the presence of rare and exclusive species (e.g. B. 
orientalis and S. torvicornis in fresh water and P. spinosa and Artemia in saline water). In 
some cases such as in L. apus and C. skorikowi, altitude considerably contributes to 
communities structuring, maybe due to isolation from the neighboring areas (chapter 2).  
Whereas dispersal of the different species was affected by salinity ranges and pool 
sizes, in contrast for B. orientalis a combination of processes relating to species-sorting and 
dispersal limitation are probably governed by regional factors. This species exhibited a  
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Figure 7.1. Density-salinity pattern of large branchiopods species in different salinities recorded in field 
studies (BO: Branchinecta orientalis; PS: Phallocryptus spinosa; CS: Chirocephalus skorikowi; ST: 
Streptocephalus torvicornis; AP: Artemia parthenogenetica; LA: Lepidurus apus; TG: Triops granarius; TC: 
Triops cancriformis; LSP: Leptestheria sp.; CSP: Caenestheriella sp.; CSP: Cyzicus sp.). 
 
wide distribution across heterogeneous pool sizes at low salinities over different altitudes 
in Azerbaijan (chapter 2). Such environmental conditions have previously been reported 
for this species (Brtek, 1967; Petkovski, 1991). Regardless of the various factors related to 
the distribution of dormant eggs at regional scales (Bohanak and Whiteman, 1999; 
Bohanak and Roderick, 2001; Beladjal et al., 2007a; Beladjal and Mertens, 2009), this may 
suggest that temperature is the major regional factor in the distribution of B. orientalis, 
restricted to the Palaearctic region between 55° and 30°N.  
Other processes can result in patterns that resemble dispersal limitation such as the 
presence of competitive interactions. Resource partitioning among species of different 
orders has been advanced as a primary reason why such high coexistence is possible 
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(Brendonck et al., 2008). This idea is confirmed by the high observed levels of large 
branchiopod species coexisting within a pool during the inundations (up to four species per 
pool), which suggests that competition in the temporary pool between large branchiopod 
species belonging to different orders and with population densities less than 1-2 individuals 
per liter is probably not that intense (chapter 2). 
 
7.3. Temperature and salinity effects on hatching characteristics of three anostracan 
species (P. spinosa, B. orientalis and S. torvicornis) 
The surveys on the historical background of the temporary pools revealed that they last 
from as little as one week to as long as four months. These habitats exhibit extremely 
seasonal fluctuations in salinity, temperature, and water level depending on their location 
(10 years personal observations). Local pool characteristics, such as hydroperiod, salinity, 
conductivity and temperature, are the main factors determining species occurrence. To 
persist in temporary wetlands that have a short hydroperiod and are often irregularly filled, 
anostracans are characterized by a specific set of life-history traits (Lahr et al., 1999; 
Boven et al., 2008; Hulsmans et al., 2008; De Roeck, 2010). Hence, laboratory 
examinations (chapter 4) were conducted to establish a relationship between salinity and 
temperature and hatching phenology of the selected anostracan species from Azerbaijan. In 
this study, all species demonstrated similar responses with regard to duration of pre-
hatching period and hatching percentages, when incubated under similar 
temperatures/salinity conditions. The duration of the pre-hatching period was directly 
proportional to salinity and inversely proportional to temperature, supporting the findings 
of Brendonck (1996) and Brown and Carpelan (1971) on hatching strategy. 
We found that salinity is a more important parameter than temperature at local scale, 
as it strongly affects the hatching rate of all species (eventually resulting in absence of 
hatching at too elevated salinities) and allows for an easy classification into groups with 
different salinity sensitivity (S. torvicornis: fresh water; B. orientalis: fresh-brackish water 
and P. spinosa: fresh-saline water). An increased salinity in natural habitats thus perhaps 
alters anostracan communities through its effect on the hatching from the resting egg bank. 
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Similar negative responses of freshwater invertebrates to salinity are reported for various 
species of anostracans, copepods and cladocerans (Timms and Sanders, 2002; Brock et al., 
2005; Pinder et al., 2005; Waterkeyn et al, 2010). Accordingly, classification based on 
salinity underlines the importance of considering the potential effects of secondary 
salinization of habitats through the salt storms around Urmia Lake.  
The temperature was also another limiting factor for the hatching of anostracans and 
our study demonstrated that B. orientalis is more sensitive to high temperature and             
S. torvicornis to low temperature, whereas P. spinosa is capable to hatch at a broad 
temperature range (chapter 4). These findings on species temperature sensitivity 
corresponded with our field observations and records (Fig.7.2). 
 
 
Figure 7.2. Density-temperature pattern of large branchiopods species in different temperature recorded in 
field studies (for abbreviation see Figure 7.1). 
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The temperature sensitivity of species potentially provides evidence for the importance 
of temperature tolerance in dispersal limitation with regard to the zoogeographic 
distribution of the species. Probably, this is why Branchinecta is distributed only in the 
northern hemisphere between 55° and 30°N and both Streptocephalus and Phallocryptus 
between 50° N and 35°S (Brtek and Mura, 2000; Brendonck et al., 2008). Temperature is 
the main factor with which the regional distribution of anostracans in the world 
corresponds, and any variation in temperature can exacerbate the negative effects of 
salinity on the distribution of the species by limiting the early stage of life history 
developments (chapter 4).  It is generally accepted that stressors such as salinity and 
temperature contribute to the limited hatching of diapausing eggs (Browne and 
Wanigasekera, 2000; Hulsmans et al., 2006; Waterkeyn et al, 2010). 
Our experiments showed that a proportion of the dormant eggs remained unhatched in 
all conditions tested for the three species (chapter 4). This hatching behavior of 
anostracans, known as bet-hedging strategy, is a reaction of the species to unpredictable 
fluctuations of environmental conditions and guarantees the survival of the populations for 
the next generations (Mura, 2004; Hulsmans et al., 2006; De Roeck, 2010; Dararat, 2011). 
As fairy shrimp have the potential to be used as a live food feed item for fish, such as 
ornamental fish (Prasath et al.1994), it is very important to know how they perform at a 
series of defined environmental conditions, such as temperature, in order to optimize their 
use. 
 
7.4. Temperature effects on survival, growth, reproductive and life span characteristics 
of B. orientalis 
Based on seasonal fluctuations in temperature, culture experiments were set up at 
different temperatures in order to provide novel data on the dispersal strategies of              
B. orientalis in our study area. This species demonstrated a different response with regard 
to growth, survival, reproduction and life span when cultured under different temperature 
conditions (chapter 5), suggesting species life history adaptation along with the different 
gradients of temperature and hydroperiod in the natural habitat. A similar performance in 
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terms of life history traits has already been shown in various species of fairy shrimps, for 
example for hatching pattern (Vanschoenwinkel et al., 2010; Dararat, 2011) maturation 
time (Hathaway and Simovich, 1996) and life span (Beladjal et al., 2003). Temporary 
habitats are typically characterized as short-lasting and long-lasting ponds according to the 
variations in timing and duration of water inundations (Vanschoenwinkel et al., 2010). 
Generally, short-lasting ponds have extreme fluctuations in temperature and dissolved 
oxygen concentration (Gilchrist, 1978; Brendonck et al., 1993), and the time stress is 
expected to select for early hatching or a short period of hatching (Vanschoenwinkel et al., 
2010). Based on our data, we found some biological traits supporting this hypothesis:        
B. orientalis inhabits both short-lasting and long lasting pools (approximately 2-5 months, 
respectively) in Azerbaijan; hatching in this species started 2-5 days after inundation and 
the initial hatching fraction was 9-44% (chapter 5). This species also displays some 
biological traits that might have developed as life mechanisms to survive under harsh 
environmental conditions (such as high temperature conditions), such as a short period of 
hatching, rapid growth, early maturation, short life span and production of small-size eggs. 
In contrast, a long period of hatching, slower maturation, late reproduction and long life 
span, such as recorded in fairy shrimps in lower temperature conditions, could represent 
long-lasting pool habitats. Differences in numbers and sizes of eggs resulting from the 
different culture temperatures (chapter 4) agree with the observations of Vanschoenwinkel 
et al. (2010), that slow maturation can be beneficial by leading to the production of a 
higher total brood size and of higher quality offspring. The wide distribution of                             
B. orientalis in Azerbaijan may be explained as a result of its high tolerance to harsh 
environmental conditions and of its rapid growth, maturation and fecundity characteristics. 
Based on these findings, we can conclude that the identification of the tolerance range of 
abiotic conditions such as temperature could be useful in modeling the species distribution 
on a regional to a global scale. 
 
7.5. Evidence of local adaptation in B. orientalis 
We examined morphological and genetic divergence among populations of                 
B. orientalis in the topographically heterogeneous Azerbaijan, which has never been 
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investigated before. Morphometric cladistics analysis and genetic screening using a 
mtDNA marker was applied to help characterization of the populations. Firstly, mtDNA 
diversity analysis revealed a high level of divergence between all Branchinecta species, 
supporting the existence of accepted species (chapter 6).  
All statistic approaches confirmed that morphological and genetic variations in males 
were more informative than in females  and could be considered in the classification of          
B. orientalis from different geographic areas.  Morphological analysis indicated differences 
between populations, showing that the Aigher Goli population deviates from the other 
populations living at lower altitude (chapter 6). These results were similar to findings on    
B. papillata and B. achalensis inhabiting isolated high altitude environments (Rogers, et 
al., 2008, Cohen, 2012), and on B. longirostris from different geographic areas (Zofkova 
and Timms, 2009). The morphological variations observed in B. longirostris suggest that 
the frontal appendage is either subject to natural selection, or it displays morphological 
plasticity driven by environmental factors (Zofkova and Timms, 2009).  
Research on the mtDNA sequences has demonstrated the existence of the phylogenetic 
differentiations within the geographically isolated populations of B. lindahli, B. mackini,    
B. pakardi, B. lynchi (Fugate, 1992) and within the populations of B. coloradensis living at 
different altitudes (Bohonak, 1999). Similar mtDNA differences have been documented in 
our study among the populations of B. orientalis living at different altitudes. The highest 
divergence value related to the differentiation of the Aigher Goli haplotype (6.0±1.0) from 
the other populations, which were gathered into one haplotype (chapter 6). However, the 
statistical analysis did not establish a strong correlation between the morphological and 
mitochondrial variation. But the available evidence suggests that the Aigher Goli 
population has been strongly influenced through its high-altitude isolation and provides 
preliminary data on local adaptation in the species B. orientalis.  These data allow to 
deduce that local ecological factors are the major process driving the diversity of species 
within the regional scale. 
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7.6. Recommendations forfuture research 
From this study we have learned that more efforts are needed to produce inventories of 
temporary pools/wetlands and their unique fauna. Future studies must also aim to further 
broaden our understanding of the structure and function of these ecosystems. The 
hydrology of temporary pools in dryland regions in Iran has not been studied in detail and 
linkages with groundwater could provide new insight into their water sources. In that way 
changes (e.g. climate change, water extraction) likely to affect their inundation patterns can 
be modeled. Also detailed studies on the geomorphological processes of pool formation 
and on their subsequent colonization will be a major contribution to our knowledge of 
these habitats. Autoecological and succession studies on the fauna of these habitats have 
been few and they could also help to further understand the structure of their communities. 
Experimental studies could be considered that include enclosure trials in order to assess 
predator-prey interactions of the biota of temporary pools. Even though temporary pools 
are natural experimental units, additional experimental studies on species life-history 
hatching and patterns could further augment the findings of the present study. 
Future work should include a population viability analysis of B. orientalis in order to 
assess the vulnerability of the species to different threats and to evaluate the probability of 
persistence over time under different management options. Additional life history studies 
of B. orientalis from different parts of Azerbaijan can determine if there are differences in 
life history characteristics. The methods used for B. orientalis in this study can be used to 
drive life history data for other large branchiopods species. So far no experiments have 
been carried out to prove the reproductive isolation between B. orientalis types. Therefore, 
future research has to (i) conduct genetic analyses based on high resolution markers; (ii) 
focus on crossbreeding/fertility tests, but also (iii) perform a broad morphological survey to 
support the taxonomic classification.  
Large branchiopods from our study area are threatened by the loss and degradation of 
their temporary aquatic habitats owing to drainage, agriculture and salinization. These 
negative effects have been aggravated due to the prolonged drought throughout the country 
since 1998. Nevertheless, the high regional species richness of large branchiopods makes 
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the Azerbaijan, and especially the regions around Urmia Lake, a true 'hot spot' of large 
branchiopod diversity and moreover emphasize the importance of protecting Aigher Goli 
habitat as the only existing habitat of a prototype population in the area. To conserve 
branchiopod diversity, we stress the importance of high habitat diversity in the landscape 
and the need to conserve neglected habitats such as small size pools. Furthermore, the 
status of community responses of large branchiopods in temporary pools can be a 
potentially important indicator of changing environmental conditions. In conclusion, a lot 
of work remains to be done in order to fully understand all the processes involved in the 
temporary pool dynamics of the country, and ours was a step in that direction. The 
sampling was limited in time and space but the findings of this study can help us to better 
understand large Branchiopoda diversity over a larger spatial scale in Iran. As this country 
has diverse climate zones from north to south and from west to east, one might expect the 
distribution of the investigated species in this study at similar environmental conditions 
throughout the country. 
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Summary 
Global awareness has increased on the ecological value of the diversity of temporary 
aquatic habitats such as wetlands, pools, ponds, pans and rivers. This has resulted in 
concerted efforts for conservation and better management of existing habitats. These 
temporary pools dot the landscape of the semi-arid regions of Azerbaijan, northwest Iran, 
and there is a high need for ecological studies in these remote and less studied regions. 
We started this study with the objective to bring better understanding to the patterns and 
processes that support these unique, yet vulnerable ecosystems. 
Thirty-seven pools were studied for their limnological characteristics, morphometry 
and large branchiopod communities. The large branchiopod communities of the pools 
confirmed the existence of distinct habitat types in the region. The differences among 
pools also confirmed the importance of gradients relating to habitat size and hydroperiod 
for temporary systems. This study made an important contribution to the knowledge of 
diversity and distribution patterns of these species in the region. Local habitat 
characteristics such as habitat size and salinity were the most important factors 
determining the large branchiopod community in the pools. 
The Azerbaijan region supports a diverse large branchiopod fauna but the 
zoogeography of the greater region remains unexplored. Some of the species were new 
records for Iran since there had never been an intensive study of temporary pools in Iran. 
The recording of Triops granarius, Lepidurus apus, Leptestheria sp., Caenestheriella sp. 
and Cyzicus sp. was an important contribution to the knowledge of large branchiopod 
fauna in Iran. The high regional species richness suggested that the Azerbaijan region is a 
true 'hot spot' for large branchiopod diversity. We found that local factors are more 
important than the regional factors in explaining the presence of the most common 
species and their monopolization in this region.  
The life history characteristics carried out resulted into insights into the processes 
driving community composition and the process of distribution and diversity. Based on 
hatching characteristics, all species could be classified into their proper groups according 
to the salinity and the temperature. Based on contour plot analysis, maximum hatching 
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for P. spinosa, B. orientalis and S. torvicornis cysts was registered at temperatures             
19-25ºC, 18-23ºC and 16-20ºC, respectively, within the same salinity range of 0-1 gL
-1
. 
We also found that high salinity is a limiting factor in interaction with temperature and 
suggested that salinity ranges as an easy method for isolation of the anostracan habitats.  
In addition, survival, growth, reproduction and life span of Branchinecta orientalis were 
different when cultured under different temperatures. The specific thermal conditions for 
B. orientalis under laboratory conditions ranged between 12°C and 27°C, with maximum 
cyst production at 18°C. Based on these findings, it can conclude that the biologically 
identification of the ranges of abiotic conditions such as temperature, allows modeling of 
species range distribution possibilities in the regional to global scale. On the other hand 
filling of the pools at low temperatures seems to be essential to ensure enough 
reproduction to stabilize the cyst bank in nature. 
We also combined morphometric characteristics with molecular phylogeny of 
cytochrome c oxidase I (COI) to test whether Branchinecta orientalis could be a species 
complex and whether there is any correlation between the genetic variation, 
morphometric characteristics and geographic variables. The morphological data indicated 
that B. orientalis samples from Aigher Goli represented a separate group compared to the 
other populations. The morphological divergence positively correlated with high genetic 
diversities. In general, our findings provide preliminary data on local adaptation of B. 
orientalis, with remarkable correlation between morphology, genetic and geographical 
distances. 
In conclusion, we were able to assess the linkages between current temporary pool 
typologies and their large branchiopods communities. We assessed the role of local and 
regional factors and processes on large branchiopods communities with statistical 
applications to fully understand biological relationships. Our results clearly demonstrated 
differential community responses that matched the temporal and spatial gradient of 
temporary pools in the Azerbaijan region. There exists therefore, a typology of temporary 
pools that is characterized by morphometry and large branchiopods community structure. 
From these data it is easily to deduce that local ecological parameters are the mean 
factors for the diversity of species and intraspecies within the regional scale. This 
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information can be applied for designing land management and conservation strategies 
for dryland regions. 
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Samenvatting 
Het mondiaal bewustzijn is toegenomen voor de ecologische waardering van de 
diversiteit van tijdelijke aquatische habitats, zoals wetlands, plassen, vijvers, pannen en 
rivieren. Dit resulteerde in gezamenlijke inspanningen voor behoud en een beter beheer 
van de bestaande leefgebieden. Deze tijdelijke plassen spikkelen het landschap van de 
semi-ariede gebieden van Azerbeidzjan, ten noordwesten van Iran en er is een grote 
behoefte aan ecologische studies in deze afgelegen en minder bestudeerde regio's. We 
begonnen deze studie met als doel een beter begrip te verwerven van de patronen en 
processen die deze unieke, maar kwetsbare ecosystemen ondersteunen. 
Zevenendertig plassen werden onderzocht op hun limnologische kenmerken, 
morfometrie en grote branchiopoden gemeenschappen. De grote branchiopoden 
gemeenschappen van de plassen bevestigde het bestaan van verschillende habitattypen in 
de regio. De verschillen tussen de plassen bevestigden ook het belang van gradiënten in 
de grootte van het leefgebied en de aquatische periode van de tijdelijke systemen. Dit 
onderzoek leverde een belangrijke bijdrage tot de kennis van diversiteit- en 
distributiepatronen van deze soorten in de regio. Lokale habitatkarakteristieken zoals 
habitatgrootte en saliniteit waren de belangrijkste factoren die de grote branchiopoden 
gemeenschap bepalen in de plassen. 
De regio Azerbeidzjan herbergt een diverse fauna van grote branchiopoden maar de 
zoögeografie van de bredere regio blijft onontgonnen. Sommige soorten waren nieuwe 
vindingen voor Iran, omdat er nooit een intensieve studie van de tijdelijke poelen in Iran 
was gedaan. De opname van Triops granarius, Lepidurus apus, Leptestheria sp., 
Caenestheriella sp. en Cyzicus sp. was een belangrijke bijdrage aan de kennis van de 
grote branchiopoden fauna in Iran. De hoge regionale soortenrijkdom liet vermoeden dat 
de Azerbeidzjaanse regio een echte 'hot spot' is voor de diversiteit aan grote 
branchiopoden. We vonden dat de lokale factoren belangrijker zijn dan de regionale 
factoren voor de aanwezigheid van de meest voorkomende soorten en hun 
monopolisering in deze regio. 
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Het onderzoek naar de kenmerken van de levensgeschiedenis heeft geleid tot inzicht 
in de processen die de samenstelling van de levensgemeenschap sturen en de processen 
van distributie en diversiteit. Op basis van ontluikingskarakteristieken kunnen alle 
soorten worden ingedeeld in hun juiste groepen naar saliniteit en temperatuur. Op basis 
van „contour plot analyse‟, werd de maximale ontluiking vastgelegd voor P. spinosa, B. 
orientalis en S. torvicornis cysten bij de temperaturen 19-25ºC, 18-23ºC en 16-20ºC 
respectievelijk, binnen hetzelfde saliniteitsgebied van 0-1 gL
-1
. We vonden ook dat een 
hoge saliniteit een limiterende factor is bij de interactie met de temperatuur en stelden de 
saliniteitsvariatie voor als een eenvoudige methode voor het afzonderen van de 
anostrakenhabitats. Bovendien waren overleving, groei, reproductie en levensduur van 
Branchinecta orientalis verschillend wanneer ze opgekweekt waren onder verschillende 
temperaturen. De specifieke omgevingstemperatuur voor B. orientalis onder 
laboratoriumomstandigheden varieerde tussen 12°C en 27°C, met maximale cysten 
productie bij 18°C. Op basis van deze bevindingen kan men besluiten dat de biologische 
identificatie van gradiënten van abiotische condities, zoals temperatuur, modelleren 
mogelijk maakt van areaal distributiemogelijkheden van soorten, van regionale tot 
globale schaal. Anderzijds, vullen van de plassen bij lage temperaturen lijkt essentieel te 
zijn om voldoende reproductie te verzekeren om de stabilisatie van de cystenbank te 
waarborgen in de natuur. 
We hebben ook morfometrische kenmerken gecombineerd met moleculaire fylogenie 
van cytochroom c oxidase I (COI) om te testen of Branchinecta orientalis een 
soortcomplex zou kunnen zijn en of er enige correlatie bestaat tussen de genetische 
variatie, morfometrische kenmerken en geografische variabelen. De morfologische 
gegevens tonen aan dat de B. orientalis monsters van Aigher Goli een aparte groep 
vertegenwoordigden, vergeleken met de andere populaties. De morfologische divergentie 
correleerde positief met een hoge genetische diversiteit. In het algemeen verschaffen onze 
bevindingen voorlopige gegevens over de lokale aanpassing van B. orientalis, met een 
opmerkelijke correlatie tussen de morfologie, genetische en geografische afwijkingen. 
Om te concluderen, we waren in staat om de verbanden te beoordelen tussen de 
typologieën van de huidige tijdelijke plassen en hun gemeenschappen van grote 
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branchiopoden. Wij hebben de rol van lokale en regionale factoren en processen bepaald 
op gemeenschappen van grote branchiopoden, met statistische toepassingen om de 
biologische relaties te begrijpen. Onze resultaten hebben duidelijk differentiële 
gemeenschapsresponsen aangetoond die overeenstemmen met de temporele en 
ruimtelijke gradiënt van tijdelijke plassen in de regio Azerbeidzjan. Er bestaat daarom een 
typologie van tijdelijke plassen die wordt gekenmerkt door morfometrie en 
gemeenschapsstructuur van grote branchiopoden. Uit deze gegevens is het gemakkelijk af 
te leiden dat de lokale ecologische parameters de voorname factoren zijn voor de 
diversiteit aan soorten en ondersoorten binnen de regionale schaal. Deze informatie kan 
worden toegepast bij het ontwerpen van terreinbeheer en conserveringsstrategieën voor 
ariede gebieden. 
  
 
